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Aphrodite, This was allegorical. It was a union, as recognised 
by the Greeks, of craftsmanship with grace and beauty. 

It is towards such a scholarly marriage of their thoughts and 
of their skills that all students might well aspire. While 
metallurgy and material engineering may be shunned like Hephaestus 
by some people in the current grove of academe, these subjects are 
modern combinations of science with the practical arts of creating 
functional things and new beauty. This textbook, which deals with 
heat and mater sis, emphasizes the two aspects of Hephaestus which 
are usually encountered first. It is hoped, however, that current 
and future members, while using these two features, will also create 
useful and beautiful things — the ideal which association with 
his name promises. 

The cooperation of TMS ’Presidents Robert Jaffee and Robert 
Couch in establishing this endeavor is gratefully acknowledged. 
Alexander Scott and John Ballance overcame many problems of getting 
this book published. 


James T. Waber, Chairman 
TMS-A1HE Book Publishing Committee 
Evanston, Illinois 
December, 1979 


Preface 



We live in a day and age when realization of the 11 limits to 
growth" and the finite extent of all of our natural resources has 
finally hit home. Yet our economy and our livelihoods depend on 
successful operation of industries that require and consume raw 
materials and energy. This success depends, in turn, on efficient 
use of the available resources, which not only allows industry to 
conserve materials and energy, but also allows it to compete suc¬ 
cessfully in the world markets that exist today. 

The duties of the metallurgical engineer include , among many 
other things, development of information concerning the efficiency 
of metallurgical processes, either through calculation from first 
principles, or by experimentation. The theory of the construction 
of material and energy balances, from which such knowledge is 
derived, is not particularly complicated or difficult, but the 
Practice , particularly in pyrometallurgical operations, can be 
extremely difficult and expensive. 

.In this handbook, we have tried to review the basic prin¬ 
ciples of physical chemistry, linear algebra, and statistics which 
are required to enable the practicing engineer to determine 
material and energy balances. We have also tried to include enough 
worked examples and suggestions for additional reading that a 
novice to this field will be able to obtain the necessary skills 
for making material and energy balances. Some of the mathematical 
techniques which can be used when a .digital computer is available 
are also presented. The user is cautioned, however, that the old 
computing adage "garbage in, garbage out" is particularly true in 
this business, and that great attention must still be paid to 
setting up the proper equations and obtaining accurate data. 
Nevertheless, the computer is a powerful ally and gives the engineer 
the tool to achieve more accurate solutions than was possible just 
twentyfive years ago. 
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Foreword 


This volume on energy and material balances inaugurates a 
series of textbooks to be published by The Metallurgical Society of 
AIME* The publication of textbooks has been undertaken since the 
price of such books produced commercially has risen more rapidly 
than inflation; further, no end is in sight. 

The Metallurgical Society has also undertaken publishing text¬ 
books in response to a survey of its members, who felt that one of 
the most important services it could perform would be to provide the 
metallurgical community with tools for continuing education. The 
means for The Metallurgical Society to address these needs is 
through conference proceedings and textbooks. Since developments 
have been occurring frequently, the technical committees of TMS-AIME 
have provided a forum for members and guests to excnange 
information and to stimulate new investigations. However, such 
direct stimuli were lost to all but the few who could attend a 
specific session among the many held at a meeting. The rapid 
publication of conference proceedings is one way of disseminating 
the information. The continuing success resulting from the efrorts 
of the TMS-AIME Conference Volumes Committee has indicated that The 
Metallurgical Society has properly assessed this need and has been 
satisfying It. 

By publishing new textbooks, The Metallurgical Society is 
attempting to satisfy the second need of its members; namely, 
developing texts for areas of metallurgy and materials .science 
which are too limited to interest .commercial publishers, and other 
material written in a style to assist with continuing education, 
not merely to record the state of art. Hopefully, such textbooks 
will enjoy a measure of longevity which the conference volumes 
cannot! In addition, TM5 will be providing its young and future 
members with a valuable service. 

Every profession has a patron. The one which might first come 
to mind is Vulcan, the blacksmith; among the Romans, he epitomize 
only the destructive force of fire. Hephaestus is more appropriate; 
he was not only the Greek god of fire - he was endowed with many 
constructive attributes of energy; he- was the master arcnitec , 
the chariot maker, the armorer and jeweler of Mt. Olympus, and the 
maker of thunderbolts. He was credited with many marvels, 
fabricating golden handmaidens who could walk, tal , an vu lean 

Though lame and usually shown with as stern a countenance as Vulca 
he married Charias (grace), and Aglaia (brilliance) , ana a-- 










It is honed that readers, particularly those who are out of 
ties at these kinds of calculations will ultimatley be able 
^perform energy balances in processes for which they are respor- 
'ble and as a result be able to improve process efficiences. ft 
h'blioqraphy of past work on this subject is presented in an appen- 
to provide reference material against which results of studies 
can be checked. Hopefully, results reported in the future will 
reflect increases in efficiency. 


H, Alan Fine 
University of Kentucky 
Lexington, Kentucky 

Gordon H* Geiger 
University of Arizona 
fucsoiir Arizona 
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CHAPTER 1 

DIMENSIONS, UN ITS, and CONVERSION FACTORS 

1.0 INTRODUCTION 

Most of the measurements and calculations performed in science 
and engineering involve the determination and/or manipulation of 
certain basic quantities called dimensions . Dimensions are either 
d-scriptions of non-physical concepts such as time and velocity or 
of physical characteristics of an object. Dimensions are speci¬ 
fied bv giving the magnitude of the dimension relative to some 
arbitrary standard called a unit. Therefore, the complete speci¬ 
fication of. a dimension must consist of a number and a unit. 

In general, units have been developed in systems with one 
unit or a combination of certain basic units used to “escribe 
each dimension. The result has been the development of at least 
twenty-nine systems of units and a great deal of confusion for 
the student of engineering and even the practicing engineer 
Forturat D lv only three systems of units are commonly used today. 
Fortunately, X pro bably only The International System 

Tf unns (L= iA P ,™.tion,l d' Unite,, sybol SI) will be 

of importance. 

This text will emphasize the usage of SI units. The calorie 

units and their conversion to SI units. 

1,1 THE SI SYSTEM Of UNITS 

When developing . system of units it is rabl« 

to create basic units or “*1"“'“" ? Vte.te »"< ts and 
dimension which may arise. ^ y un f 0 rtu- 

virtual ly ST- 

the^metri c^sys tomCa) 6 developed andproposed for .international 

usage. 

In 1875 an International Bureau of Weights and Measures was 
established to maintain and^improve^the^uni^ts the pro li- 

system, the gram, the metre , an^_ '1948 when a General 

feration of systems of units continued unt J ' fran the 

Conference on Weights and Measures^ system of un its 

French spelling) met to estab , t ^ of t h e Metric Convention , 
suitable for- adoption by al 1 siQnato t syste m of units 

which ultimately led to the adoption of the y 
in 1960. 


*The spellings metre and litre as used in 
by ASTH. However, meter and liter are also 
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|J,1 UNITS AND DIMENSIONS 

The 51 system of units consists of several basic or funda¬ 
mental units from which all other units may be derived. The 
dimensions of interest In this text, their fundamental units* and 
the unit symbols are shown in Table 1.1-1 • _ 


Table 1,1-1 


The Fundamental SI Units 


Dimension 

Name of Fundamental 

SI Unit 

* 

Unit Symbol 

length 

metre 

m 

mass 

kilogram 

kg 

time 

second 

s 

electric current 
thermodynamic 

ampere 

A 

temperature 

kel vi n 

K 

amount of substance 

mole ' 

mol 


As noted previously, the SI units were chosen so that an¬ 
other units could be derived from these basic units. Some dimen¬ 
sions with derived units having special names are shown in Table 
1.1-2, Additional dimensions and combinations of units which do 
not have special names but which are of importance in this text 
appear in Table 1.1-3- 


Table 1.1-2 


Some Auxiliary 

SI Units 

That Have Special Names 

Dimension 

Name of 
Derived 
SI Unit 

Symbol 

Definition 

I n Terms of Base or 
Other Derived SI Units 

frequency 

hertz 

Hz 

1Hz = Is' 1 ? 

force 

newton 

N 

IN " 1 kg*m/s 

pressure, stress 

pascal 

Pa 

IPa = 1 H/m 2 

energy, work, quantity 
of heat 

joule 

J 

1 J = 1 N-m 

power 

watt 

W 

1W = 1 J/s 

electric charge, quantity 
of electricity 

coulomb 

c 

1C * 1 A-s 


2 


unuii, dna uunvtHSION FACTORS 


Table 1.1-2 (Continued) 


Dimension 

Name of 
Deri veb 
SI Unit 

Symbol 

Definiti on 

In Terms of Base or 
Other Derived SI Units 

electric potential, 
potential difference, 
tension, electromotive 
fo rce 

vol t 

V 

IV 

= l jjc 

electric capacitance 

farad 

, F 

IF 

= 1 c/v 

electric resistance 

ohm 

a 

Isi 

= 1 V/ft 
= If!" 1 

electric conductance 
*. 

siemens 

s 

IS 


Table 1.1-3 

Additional SI Units Which Do Not Have Special Names 


Dimensi on 

Uni ts 

Unit Symbols 

area 

square metre 

m 3 

volume 

cubic metre 

rcr 

speed, velocity 

metre per second * 

m/s 

acceleration 

metre per second squared 


specific volume 

cubic metre per kilogram 

m J /kq 

density, mass density 

kilogram per cubic metre 

kg/m^ 

thermal conductivity 

watt per metre kelvin 

W/m*K 

heat transfer 


W/m 2 -K 

coefficient 

watt .per square metre kelvin 

specific energy 

joule per kilogram 

J/kg 

specific heat 

joule per kilogram kelvin 

J/kg'K 


As can be seen in Tables 1.1-2 and 1,1-3, all of the derived 
units are developed by direct combination of the basic units 
without the need for non-unity coefficients. Consequently, -the 
SI system is a coherent system of units. .For example, the unit 
of force, the Newton, equals the unit of mass times the unit o* 
acceleration. Newton's Second Law, however, states that the 
force, F, acting on an object is proportional to its mass, m, 
multiplied by its acceleration, a. Thus, 


or 


F " C-nra 


( 1 . 1 - 2 ) 
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cr cu<;tPTn t he proportionality constant C in Eg* 

?SSS of unity and dihensi.n of H-W-. 

In a non- coherent system of units such as the American 

Jnit V of“fo?ce, the piund-forceisymbol ib f i, 

! 2««5 - “« m ."tS’if 

the pound-mass (symbol lb™), 3i. /w ws ■ 

Cavity at sea level and 45 ° latitude^ 1 K ihus, 

! lb = c * 1 lb m ' 32.1740 ft/s 2 (1.1-3) 

and i vi! - (i.i-4) 

C = 32.1740 lb m -ft 

The reciprocal of C is commonly used in many calculations^ 
and has been given a special symbol, g c - 

g c = 1/C (1-1-5) 

and 

g c = 32.1740 lb m *ft/1 b f *s 2 (1.1-6) 

EXAMPLE 1.1-1: The engineering stress, a, is defined asthe ratio 
of the load on a sample, P, to the original cross-se 
area, A q : 

a = P/A 0 

a) Calculate the engineering stress in lbf/1" 

in. diameter wire which has a two pound mass hanging 

from it, 

b) Calculate the engineering stress in M/m 2 on a 0.00025m 
diameter wire which has a one kilogram mass nang 9 
from it. 

C) Do a and b above for the same objects but on the moon. 

Solution: Assuming that the mass of the wire'’S^^ln^hAwife 
to the mass of the object hung on the wire, the lo _ 

will equal the force exerted by gravity on the mass being sup 
ported by the wire. 


P = F = C*m-g 

For a wire with a circular cross-section and diameter d, 

A q = u-d 2 /4 

(1)' Handbook of Chemistry and Physics, 48th .edi tion, Chemical 
Rubber Cq, , Cleveland, Ohio* 1968. 




a) If the wire is at sea level and 45° latitude, g equals 
32.1740 ft/s*. 

.2 


lb f -s 4 


ft 


Then, 


and 


F = 32.1740 ' lb ra -ft ‘ Z ' 00 lb m ’ 32 ' 1740 S Z 

= 2.00 1 b f 


A = „ • (0.010 in) 2 /4 
0 

= 7.85 x 10 J m 


O = 2.00 Tb f /7.85 x 10 _S in 2 
- 2.55 x TO 4 lb f /in 2 


b) In SI units, g equals 9.80621 m/s‘ 


Then, 


p = -||L5- ■ 1.00 kg * 9.80621 m/s' 


= 9.81 N 


A 0 = . 


(0.00025 m) 2 /4 


and 


= 4.91 X 10 " 8 m 2 


a = 9.81 N/4.91 x 10" 8 m 2 
= 2.00 x 10 8 N/m 2 


c) On the moon, the mean acceleration of gravity is 5.47 ft/s 
(1.67 m/s 2 ). j 

_ ,111 +hat the unit of force in the 

It is seen in E^mpleJ.l- defined in a manner that 

American Engineering Measurement of force equal to 

makes the numerical valqe of the mea^ ^ only exact ly true when 
the numerical value o< the mass. ■ th an ^ a t sea level 

the measurement of force is done o _ rairulations, a mean vai 
and 45° latitude. For .ost engineering ca or 

for the acceleration of gravity on the earth equa l within 

9.8 m/s 2 may be used, and pounds-mass can be 
two or three percent to pounds - force. 

. _jr i-iTiA nound-mass ot 

EXAMPLE 1 . 1 - 2 : Calculate the ^‘neUc energy 600 ft/s. 
oxygen that is traveling at a linear veioc y 


ue 









MATERIAL and energy balance calculations in metallurgical processes 


Solution: The kinetic energy, , of an object of mass m traveling 
a t a linear velocity v equals 


= 


m-v Z 

2 -g c 


Thus, for 1,00 lb_ traveling at 600. ft/s 


£ 1 . 00 ml b ' (60(>tt) 

k ~ 2( 32 -^yii) 

lb f -s £ 


= 5.59 x 10 3 fflb f 


EXAMPLE 1.1-3: Calculate the increase in potential energy of one 
kilogram of ore when it is raised to the top of a thirty metre - 
high furnace. 

Solution: The potential energy, E , of an object of mass m in 
a gravitational field with acceleration g and at a height z-j, 
above some arbitrary reference height (usually taken as the sur~ 
face of the earth at approximately sea level) is 

E pJ . = iri'Z-j -g/g c 

For the same object at a new height 22 , 


E 


P .2 


m-Z 2 * * g/g c 


and the charge in potential energy*, AE p , equals 


aE = E „ - E„ , 
P P ,2 p,l 


= m-Z 2 -g/g c - m-Z 1 -g/g c 


= ratZj-Zp g/g c 


= m-aZ-g/g c 


V 

* The symbol L is used in this text to indicate a finite change. 
The symbol 6 or d will be used to indicate infinitesimal, i.e,, 
very small, changes. 
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Thus, for aZ equal 30,0m and m equals 1,00 kg 

&Ep - 1,00 kg-3O.0m-9.81 m/s 2 /(l ,00 kg-m/M-s 2 ) 

= 294 N-m 

1.1.2 PREFIXES 

Another advantage of the SI System comes from the use of 
standard prefixes to expand the basic and derived sets of units 
to fit situations where larger or smaller units are desirable. 
The standard prefixes for SI units and their symbols are shown 
in Table U-4, 


Table 1,1-4 
Standard SI Prefixes 


Prefix Symbol 


Factor 


ter a 

T 

10 12 = 1 

Q0Q 000 

000 

000 



giga 

G 

IQ 9 

1 000 

000 

000 



mega 

H 

10 6 

1 

000 

000 



kilo 

k ~ 

IQ 3 


1 

000 



hecto 

h 

IQ 2 



100 



deka 

da 

IQ 1 



10 


■. E4 

deci 

d 

10" 1 



0.1 



centi 

c 

IQ " 2 



0.01 



mi Hi 

m 

IQ" 3 



0.001 



micro 

y 

IQ' 6 



0.000 

001 


nano 

n 

10‘ 9 



0.000 

000 001 

pi co 

P 

10- 12 



0.000 

000 

000 001 

fern to 

f 

10' 15 



0.000 

000 

000 000 001 

atto 

a 

icr 18 



0.000 

000 

000 000 000 


Prefixes are general 1 y chosen so 
a dimension lies between 0,1 and 1000, 


that the numerical value of 
Prefixes based upon ten 
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„ a nower of 3 are also' recommended * Com- 

Motions of prefixes such as kMJ to indicate 10 § Joules in place 
0 f GJ should n£i be used. 

■ cvaMPl E 1 1-4: Calculate the charge to a furnace when one thousand 
Ihovels full of ore are put in the furnace, and each shovel con¬ 
tains one kilogram of ore. 

solution: The total charge, IV, will equal the number of shovels 
full, n, times the fnass on each shovel * m ' Tflus ’ 

H" = n*n 


and 

H' = 1000 shovels - 

= 1000 kg 
= 1000 (1000g) 

= 10 6 g 
= 1 Mg* 

EXAMPLE 11-5: If waste (flue) gas is being exhausted through a 
50 cm by 100 cm rectangular duct at an average velocity of 5 cm/s, 
calculate the volume of g.as that will be exhausted in one hundred 
seconds. Give the answer in cubic meters. 

Solution: For a gas flowing through a duct with cross-sectional 
area Ac and at an average. linear velocity v, the volumetric flow- 
rate of gas in the duct a V s equals 

V - v 4 A 

o 

and the volume of gas, V, leaving the duct in time x equals 

V = V x 

= V * A o * 1 

Thus, for a rectangular duct of width w and height h v 

A 0 = w ■ h 
and 


V = v ' w * h 1 t 


*It should be noted that Mg-is the symbol for magnesium, as well as 
a megagram, and that differentiation between these meanings can 
onl_y be made by the context of its usage. 


miviKnaiuN3iUni i a, ana ouwvpusiuw rAUi utia 


s 5 cn l. * 50 an - 100 an ■ ICO s 
s 

= 2.5 x 10 6 cm 3 
= 2.5 x 10 6 • (1 x 10"-m) 3 
= 2.5 X 10 6 * (1 x 10- 6 ) m 3 
= 2.5 m 3 

1.1.3 ACCEPTABLE NON-SI UNITS 

Hhile it has been strongly ™^ nd 4 d a ,; y ze " e 0l S P " e (!; a r t , 1 t,,e 

additicnal”units 1 which bB 

established custom may be used, ims usage 
kept to a minimum. 

The SI unit for volume is them£ "'Se’dTo 
see Table 1.1-3. in some cincu use 0 , this unit should be 

represent the volume of a in con j U nction with this 

SrthSugh d lS-^Ure S ?s U ^terreferred to as a millilitre. 

The SI unit for timers th ^ second^ ^jay may" be used, 

based upon the calendar eye e, ; - t5 f or velocity, kilo- 

It is also realized that the cust0 I?^ f km/s is strongly 
meter/hour, may continue in use. The use ot m/s 

recommended. 

Temperature and temperature differences^ $I 

S£T £ Sr°f?r"Se tSe is *us tbe 

S.'SISSSST. degree^Celsius ta-1 • is also 

accepted in the SI system. 

1.1.4 STYLE 

There are many accepted practices ^relatin^to^he us 9^ 

SI units, symbols and prefixes. For a more thorough desenp- 

and style will be used in this te • the reac | er is referred 
tion of the rules of style for SI \; andar ds fo_rJetric 

to the ASTM Publication No. E 380-/b, -- 

Practice . 

1.2 CONVERSION FACTORS 

As seen in Section 1.1.1^15 ^example, may 

dimensions using several differ., .t 


•*See Footnote on page 2. 
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be expressed in the 51 unit, seconds, or in the acceptable non-SI 
unite of minutes or hours. A relationship must exist between 
these units to convert from one unit to another. This relation¬ 
ship is called a conversion factor . 

Two types of conversions are possible. In the "first, one 
unit is converted to another by simple multiplication by a con¬ 
version factor. In the second, multiplication by a conversion 
factor plus addition or subtraction of an additional term is 
necessary. 

1.2.1 CONVERSION FACTOR TABLES 

The relationship between the units used in different systems 
of units for a particular dimension are determined by treaty or 
from the basic definitions of the units. To assist the scientist 
or engineer, these conversion factors have been compiled into 
tables, A list of useful conversion factors is given in Table 
1 . 2 - 1 . 

1.2.2 THE DIMENSIONAL EQUATION 

As can be seen in Table 1,2-1, 

1.0000G01b m = 4.535 924 x TO " 1 kg (1.2-1) 


Thus, it must also be true that 


4,535 924 X icH kq * i nnnr,™ 
1.000000 lb m * ■ 1 - OODOO ° 


or 


( 1 , 2 - 2 ) 


1,000000 lb„ 


2.204 622 lb 


m 


4.535 924 x lOT 1 ’ kg 1.000000 kg 


= 1.000000 (1.2-3) 


Then, since any quantity multiplied by unity equals the 
original quantity 


3 - 15 ,b » ■ 3 ' 15 »*C 4 -M = '•« ‘9 U.-z-O 


Manipulations of this type are easily carried out when only 
one conversion factor is required. When one conversion factor 
is not available and several factors must be used to obtain the 
desired result, the dimensional equation approach should be 
employed. 


The dimensional equation contains both the number of units 
as well as the type of units. Conversion from the given units 
to new units is then accomplished by multiplication by a series 
of conversion factors. The dimensional equation organizes the 
conversion process and reduces'the chance for error. 


Table 1.2-1 
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EXAMPLE 1.2-1: The amount of energy required to heat one pound- 
mass of water one Fahrenheit degree* is one Btu* How many calories 
must be supplied to heat one gram of water one Kelvin, 

Solution: The dimensional equation may be used to convert 
Btu/lb^A°F to cal/g-iK. See Table 1,2-1 for conversion factors. 


1.0 


Btu , „ ,_ 1.Q0Q0Q0 ^ l w l .055056^ , ,1000^ 

5.555556 x M .000000 >tu 


, 1.000000 cal '., 1.000000 wj_>£7 

1 4.186 800^ 47535 924 ‘x lO’ 1 ^ 1000 9 

=1.0 cal/g*fiK 

Therefore* one calorie must be supplied to heat one gram of water 
one Kelvin, 


EXAMPLE 1 2-2' Determine how many kg/s or hot metal are being 
produced if an iron blast furnace is producing hot metal at the 
rate of 1000 short tons per day. 

Solution: 


1000 ton 


day 


10Q0 ton 

day 


9.071647 x 10~ 1 Mg ^ (JOOOJiS-) (__LH_jay ._) 


ton 


Mg 


8,640000 x 


IQ 4 


= 10.5 kg/s 


The dimensional equation provides a format for perform!ng 
unit conversions, i.e., combining conversion factors. The choice 
of particular factors is arbitrary and the order of cheir multi¬ 
plication is arbitrary. The equation does, however, permit the 
clear and concise representation of the conversion process, it 
he1ps eliminate error, and Its use Is stress J 




EXAMPLE 1,2-3: Repeat Example 1,2-1 using different conversion 
factors. 


*The symbol that is used in this text for Fahrenhe t temperature, 
difference is A°F. Similarly, A°C, aK and A R will be used for 
Celsius, Kelvin and Rankine temperature scales. ™ e . ur ^“,TV_ 
temperature differences are degrees Fahrenheit or Fahrenheit de^ 
grees on the Fahrenheit scale, degrees Celsius or Cels _ 3 
on the Celsius scale, Kelvin on the Kelvin scale and degrees . 
Rankine degrees on the Rankine scale. 
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Solution: 

Btu =10 stu ( 2,325000 x 1Q J J/kg w 1,000000 cal/g ) 
1,0 lb . a *f ' lb m *A°F ^* 000000 Btu/lb m ' 4,186800 x 10 3 J/kg 


/1,80000Oi°F\ T f1,000000 a°C\ 

m.ooooooa°c ; v TTo6ooooa”k ; 


= 1.0 cal/g # AK 
1b 2.3 CONVERSION EQUATIONS 

Some unit conversions cannot be accomplished by use of the 
dimensional equation. For these conversions, the addition or sub¬ 
traction of a quantity must accompany the multiplication by con¬ 
version factors. Two examples of dimensions that often require 
conversion equations are temperature and pressure. In these cases, 
the conversion equations are required because there are units with 
different sizes, and the zero points of the different scales have 
been located at different points by the inventors of the scales. 

Temperature scales, such as the Fahrenheit and Celsius 
Scales are called relative temperature scales , because the zero 
points of these scales are fixed relative to an arbitrary standard, 
the i-e point of water. Scales that are based upon the absolute 
lowest temperature that is believed to be obtainable, the point at 
which an atom or molecule has no kinetic energy, are called 
absolute or thermodynamic te mperature scales . Two absolute temper¬ 
ature scales, the Rankins and the Kelvin scales, are in common use. 
The latter is the preferred SI scale. 

The temperature unit on the Kelvin scale, the kelvin (symbol 
K), is the same size as the unit of temperature on the Celsius 
scale or the centigrade scale, the degree Celsius or centigrade 
sumboT Thus*, 



1.0 aK = 1.0 4°c 

(1.2-7) 

St mi larly, 


1.0 i°R = 1.0i°F 

(1.2-8) 

A look at the definition 

of the Celsius and Fahrenheit 

scales 

shows that 

100°C - 212°F 

(1.2-9) 

and 

0°C = 32°F 

(1.2.10) 

Subtracting Eq. (1-2*10) 

from Eq. (1.2-9) yields 



*See Footnote on Page 15 'for a di scussion, of the notation for 
temperature differences. The symbols ° F, °C, K and°R indicate a 

4-rtfinn.A - 1 . 4 -Vt. n, € 1*1 P" +" 1 1/iQ 5 Til I 


DIMENSIONS, UNITS, and CONVERSION FACTORS 


100 A°C = ISO a e F (1.2-11) 

1.0 4°C = 1-8 i°F (1.2-12) 

OF 

By combining Eqs. (1.2-7), (1.2-8), and (1.2-12), it is seen that 

1 iK = 1.8 (T.2-13) 

Finally, since the zero points for the Kelvin and Celsius tempera¬ 
ture scales are different 


T(K> - t„ ■ tVCC) - °°C] O.M4) 

. , th . correction factor for shifting the zero temperature 

tthe SeliiS e sc,U « that on the Kelvin scale. Similarly, 


TCW - ^ - S [t TO - »-N n. 2 - 15 ) 

For conversion from ^'^^e’rf.Si'tTon^i™” S"* 
‘USl! i comparison of the Kelvin Celsius, Fahrenheit 
and Rankine temperature scales is shown in g. 



671.58 

i 


491■58 
459.58 


X 



R oiling point of 
water at 760 mm Hg 


Frpezinq point of water 


373.15 

A 


273.15 

i 

255.38 


100 


TT 

1Q0=A°C 


0 v 

1 

17,77 


Absolute zero 


c . 


m 


o 

□ 

t/i 

3 

m 


oj 

LJ 


1 v 

0 -273.15 


191- the host common temperature scales 

Fl gure 1.2-1. THERMOS I ^ Reference 2> page 19) 
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EXAMPLE 1.2-3: The melting point of gold at 101,325 kPa pressure 
(T atm) is given as 1337.58K.cn the International Practical Temoer- 
ature scale.* Convert this value to a) °C, b) °R and c) °F. 

Solution: a) Rearrangement of Eq. (1.2-14) yields 


t(°o = ± 4 fl °, c 


1.0 £ K 


(T{K) * t Q ) 


Therefore, 1337.58K is equal to 


t( ° C) = TtfrT £l 337 - 58K - 273.15K) 

= 1064.43°C 

b) Since the Kelvin and Rankine Scales have the same zero point, 

0 K E 0°R 

.and 


or 


Therefore, 


T(°f?) - 0°R = (T(JO - 0 KM ]- 8 


T(DR) = T{K} <t ; ~ 0 a°k } 

1337.58K = 1337.58 K(| ^ 

= 2407,64°R 


c) Rearrangement of Eq. (1.2-15) yields 


t(°f) 


* l!o A°R (T£OR) ' «9.58°R) 


Therefore, 2407.64°R (see part b) is equal to 


^ticai m w tU l W ° r c extreme P^cision, the International Prac- 
da t 3 ? ra ! Ure Scdle must be recognized, because many available 
IRfifi /a b j Sdb u P° n 1 t> This scale, agreed upon by the CGPM in 
Jolt edl ' ti0n 1975 >’ iS bdsed “rtain "defining fi «d 

If temperatures ° f lnstruments - T he assignments 

available Hof ■ these -lxed points were based on the best 
(Referpr>rn de ^ ermi ^ tlQns of the]Vr thermodynamic temperatures 

f!bi?2t?o e ; HTTlS^!: “ anJlrd fDr . .” 
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t(°F) = ( 240-7. 64° R - 459.58°R) 

= 1948.06°F 

EXAMPLE 1.2-4: Show that the temperature reading of -4Q C ^ s the 
same temperature on the Celsius and Fahrenheit scales. 

Solution: Combining Eqs. (1.2-14) and 1,2*15) with T(°R) = 1.ST(K) 
yields, . 

t(°F) •- ]■* + 32.0°F 

i *u a t 

Then, if t(°F) = t(°C) = X 

X = 1.8 x + 32°F 
or 

X = -40°F 

Also, -40°F = L 8 . A ° - F t(°C) + 32°F 

i n a ° r 


or 

t(°C) - -40°C 

Therefore, t(°F) and t{°C) are equivalent at -40°. 

Pressure may also be measured on absolute or relative scales 
and with several different units. Absolute scales result in 
pressure readings based upon a perfect vacuum or completely evacu¬ 
ated reference point for 2 ero pressure. Relative scales measure 
pressure in the same units* but with the zero point being the 
pressure of one standard atmosphere*. Several values of equiva¬ 
lents for the standard atmosphere are given in Table 1.2-2, , The 
relationships between some of the most common pressure scales are 
shown in Fig. 1,2-2. 

EXAMPLE 1.2-5: Convert a pressure measurement of one torr to a} 
psia, b) psig, and c) in, Hg (vac). 

Solution: If pressure is defined as the force per unit area 
exerted by one body upon another, the pressure exerted by a column 
of liquid contained in a closed tube of cross-sectional area, A Q , 
and height** Z, on its base plate will equal 

P = F/A 0 


*The symbols psia and psig are used to indicate pounds-force per 

square inch on the absolute and relative guage scales, respec- 
tively. 
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Table 1.2-2 


Equivalents for the Standard Atmosphere 


1 . 000 

atmospheres (atm) 

33.91 

feet of water (ft H 2 0 ) 

14.7 

(14,696, more exactly) pounds per 
square inch absolute (psia) 

29.92 

(29.921 , more, exactly) inches of 
mercury (in. Hg) 

760.0 

millimeters of mercury (mm Hg) 

1.013 x 10 5 " 

Pascals (Pa) 


Pounds per 
square inch 


A 

5.0 19.3 

t J 

39.3 10.2 0.34 x 10 s 

1.33 x 10 5 

Stai 

0.4 14.7 Pre: 

rtdard 

ssure 29.92 0.82 0.024 x 10 5 

1.01 x 10 5 

Barot 

0.0 14.3 Pre; 

netric 

ssure 29.1 0 0.0 0.00 

0.98 x 10 5 

;-2.45 11.85 

24.1 -5.0 5.0 0.17 x 10 5 

0.82 x 10 5 

ttJ 0 si) 

OJ 3 3 3 

cn tn r- irt 

/S « O co 

^ dj tn dj 

Cl < CL. 

Perf 

'■14.3 0,0 Vacu 

-^_4 

t £ 

0 <u 3 £; 

td S= ^ E 5 

^ ^ 1/1 3 

r- ^ 0 D Qj 

O V) L. u 

P &, (B o_ 

CCK Ol OJ 

,n « 

ect “ 

um 0 -29,1 -29.1 0.98 x 10 5 

P Absolute 

o Pressure 


-— —P- - JL ______ - _ 

figure 1.2-2 PRESSURE COMPARISONS WHEN BAROMETER READING IS 29 1 
in. Hg. (From Reference 2, page 25) 


where 
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F = C-H*g 

M - p * V >.* 

and v 

Combining the above equations yields P - 2’p-g/g c where p is the 
density of the fluid in the column and g is the acceleration of 
gravity. One standard atmosphere is then defined as the pressure 
exerted by a column of mercury 760.0 mm high at sea level, 45° 
lattitude and 273.15K. One torr is the pressure exerted by one 
millimetre of mercury at the same conditions. 

a) Therefore, when the pressure is measured as one torr on an 
absolute scale a 

... , „ /I 0 mm How 1.0 atm 14.696 psia^ 

1,0 torr = 1.0 torr (f^^{ 760 . 0 mm H g K -lTFltoH 

= 1.9 x 1CT 2 psia 

b) Since §auge pressure is measured with the same units but 
with a different zero point, 

1.0 Apsia = 1.0 Apsig* 


and 

nfnsiq) = M_A£Sll (P(psia) - 14.696 psia) 
K 1.0 Apsia 


= 14.677 psig 

c) The vacuum pressure is generally giveh as the pressure 
difference below atmospheric pressure. By comparison to part ). 
the vacuum pressure in psig would be 14.677 psig t 
vacuum pressure in inches of mercury, symbol in. Hg (vac), win 
then equal 


1 torr = 14.677 psig (vac){— 


IQ 3 Pa,, 


1.0 in. Hg (vac) ^ 
3.386 33 x VO 3 Pa 


= 29.88 in. Hg (vac)** 


*The same terminology that was used for temperature differences^ 
will be used for pressure differences. See Footnote, pag 

** The pressure readings are for mercury at C C (32 F). 
different pressure readings will be found for mercury at a 
different temperature. 
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EXAMPLE 1.2-6: Calculate the metal 1 ostatic head (pressure) in. 
n S ig at the bottom of a ladle that contains ten feet of iron at 

16 GQ°C 

Solution: The head or pressure at a given depth in a liquid’ is 
found in exactly the same manner as was described trrthe previous 
example, i.e. 

P = Z-p-g/ 9 c 

where Z is the depth of immersion and p the density of the liquid. 
Therefore, if the density of iron is 489'lb m /ft 3 at 1600*0, the 
metallostatic head will equal 

P = (10 ft) (-489-1 b m /ft 3 )(32.174 ft/s z )(l ft z /K4 in 2 )/ 

(32.174 lb m *ft/1b f -s 2 ) 

= 34.0 psig 
1.3 THE MOLE UNIT 


According to the definition of the mole established by the 
CGPM in I960, one mole is "the amount of a substance that contains 
as many elementary species (i.e, atoms, molecules, etc.) as there 
are atoms in 0.012 kg of carbon-12". This number has been found 
to equal-6.02252 x 10“, Avogadro's Number (symbol N 0 ). Thus, an 
alternative definition of the mole would be the amount of substance 
that contains Avogadro's Number of elementary species. In the 
SI system, the mole is given the symbol mol. 

The masses of individual atoms are measured on a scale whose 
basic unit is the atomic mass unit (symbol a.m.u.). On this scale, 
one carbon-12 atom has a mass of 12 a.m.u. Since, by definition 
one mole of carbon atoms has a mass of 0.012 kg, and one mole of 
carbon atoms contains N 0 atoms, 


t n i ^ , N n atoms C 12 a.m.u, 
12g = 1.0 mol C (- n n r ){- 


1.0 mol C 1,0 atom C 


1.0 g = N q a.m.u. 


(1-3-1) 

(1.3-2) 


or 


1 a,m,u, = 1,66043 x 10 


v24 


(1.3-3) 


EXAMPLE 1,3-1: The mass of a uranium atom is 238,03 a.m,u. 
Determine the mass of one mole of uranium. 

Solution: Since one mole of uranium contains N 0 atoms and each 
atom has a mass of 238.03 a.m.u., the mass of one mole of uranium 
a toms, m, will equal 


_ N Q atoms _ 238.02 a.m.u. 

1.0 mole a tom 

* 238.03 g/mol 


1.0 g 
1 n a.m.u. 


a tom 
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Another definition of the mole can be seen from the solution 
to the previous example. A mole of atoms (molecules) is the amount 
of that substance whose mass in grams is numerically equivalent to^ 
the mass of an atom (molecule) of that substance in a.m.u. The 
mole unit used in the SI system was previously called the gram-mole 
(symbol g-mol) because if was the amount of substance whose mass 
in grams was equivalent to its mass per atom (molecule) in a.m.u. 


Another common unit in the American Engineering System of 
units is the pound-mole (symbol lb-mol). This amount of substance 
is defined as the amount required to have a mass in pounds numeri¬ 
cally equal to the mass per atom (molecule) in a.m.u. Similar 
definitions exist for the kilogram-mole (symbol kg-mol). Ton mole 
(symbol Ton-mOl), etc. 

Caution must be used when dealing with the mole unit in the 
SI system. It is seen from the above discussion that the mole 
unit is equivalent to the gram -mo 1 e even though the fundamental 
unit of mass in the SI system is the kilogram. 

EXAMPLE 1,3-2: How many gram-moles of zinc are contained in one 
pound-mole of zinc? The atomic mass of zinc is 65.37 a.m.u. 

Solution: According to the definition of the pound-mole,- 


1_G Ib-mol Zn = 65.37 lb m Zn 


_ lh 7n 1 453.5924 g 

- 65.37 lb m Zn ( 1>0 i b 


1.0 g-mol Zn ^ 

65.37 g Zn ; 


= 453.5924 g-mol Zn 

For engineering calculations, it is assumed that there ar^ 
454 gram-moles in one pound-mole or 454 x 6,023 x 10 atoms j? 
pound-mole. Similarly, there are 1000 gram-males and 1QOQ x 6,023 
xlO 23 . atoms in one kilogram-mole, etc. 

1.4 DENSITY AND CONCENTRATION 


As was seen in the previous section, the mole unit specifies 
the amount of substance in a given mass. However, it is often 
necessary to know how much material is contained in a given volume, 
i,e. Its density, or how much of one material is mixed with anotner 


i ,e. 


1 L3 UCII3 I ItJ 1 i 1 1lllU V l l U u + * 

its concentration. The units used to describe these quart! - 




1.4.) DENSITY 


The density of a gas. liquid or solid is its mass per u 
volume. In the SI system, the unit of density is the ttg/m . 

However, the density may also be given as a p !^ e . n +w c L li fi r 
number wi thout units. This pure number is called t e P 
gravity, and is equal to the ratio of the density o, the mater 
of interest to the density of a reference material. 























Water is most frequently used as the reference material to 
prifv the' specific gravity of a solid or liquid. For most cal- 
s p ^ a t i ons , a value of 1.000 g/air may be used for the density of 
■ c ^ ter between 0°C and 45*6, For gas phases, air is commonly used 

a^the reference material. The density of dry air in kg/m J -equals* 







Pair 


1.293 H 

1.0+ 0,00367t 760 


(1.4-1) 


where t is the Celsius temperature, and H is the pressure in mm Hg. 
Wore precise values of the density of water and the density of 
moist air can be found in the Handbook of Chemistry and Physics**. 

The spec!fic vol ume may also be reported in place of the 
density. The specific volume is the volume per unit mass of a 
substance and has the units of m^/kg in the SI system. The specific 
volume is obviously the reciprocal of the density. 

1.4.2 CONCENTRATION 

In most operations, the feed and product materials are not 
pure but rather mixtures or solutions of two or more materials. 

The concentration of the components of overall process streams 
are specified either by their weight or by the number of their 
moles in relation to the total weight or total number of moles 
in the overall material or process stream. 

For solids and liquids, the concentration of one component 
in a mixture is usually given by its weight fraction or by its 
weiqht percentage . The weight fraction of component A equals 


W = of A in mixture (1.4-2) 

^ total weight of mixture 

The weight percentage (symbol wt* or s/o) of component A 

equals 

wtS A = w/o A = 100-W A (1.4-3) 

Another concentration unit that is commonly used for very dilute 
mixtures is the Fart Per Million (symbol PPM). 


PPM A = 10 4 ■ w/o A = 10 6 ■ W A (1.4-4) 

Unless otherwise specified, concentrations for solids and 


The symbol p will be used for density and specific gravity. 

Di rferentiafion between quantities will be made by specifying 
the units M density. 


** See .footnote, page 4. 
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liquids given in this monograph will be on a weight basis. 

The molecular percentage and the mole fraction are commonly 
used for the specification of the analysis of a gas. The mole 
fraction of A equals 


moles of A in mixture 

total moles in mixture 


0.4-5) 


and the mole percentage of A equals 

SA = 100 * X A 


(1.4-6) 


Conversion from weight fraction to mole - faction or v«ce 
versa can be accomplished using the following .equations 




and 


X i (W a /MW a ) + 


W i " (X a -MW a ) + (Xg*MWg) + 


+ (X-j -Mrt’-j ) 


+ (Xi-HUp- 


(1.4-7) 


(1.4-8) 


i y y y. ar -e the mole fractions of components 

A, B, .... 1, .... respectively W A , W B , .... W, . .... are te 

weight fractions of components A, 8, .... i, ®f P romDone n ts 

HHa, MWr, .... . are the molecular weights of components 

A, B. .... i. .... respectively.* 

EXAMPLE 1.4-1: Calculate the crucible volume (cm 3 ) required to 
contain enough iron, chromium, and nickel.powder to make ten kg 
“ » 18? °ilromf», 8J nickel and 741 iron »ixtdre 
the air gaps surrounding the powder particles occupies 60S of the 
total volume of the crucible. The specific gravit es of chromium, 
nickel and iron are 7.1, 8.9, and 7.7, respectively. 

Solution: By combining Eqs. (1.4-1) and (1.4-2), it can be 

that the weight of A in mixture = (the tDtal we19nt °‘ th£ 

mixture). Thus, 1.8 kg Cr. 0.8 kg Hi and 7.4 kg Fe must be 
charged. The volume occupied by each is then calcu 

(1.8 kg Cr) (10 3 g/kg)(lcm 3 /7.1 g Cr) = 254 cm 3 

(0.8 kg Ni) (1C 3 gAg)(W/8.9 9 Ni) = 90 01,3 

(7.4 kg Fe) (TO 3 g/kg)(lcm 3 /7.7 g Fe) = 

3 

Total volume occupied" by metal =1305 cn 


* See Chapter 2 for a complete definition or molecular weight 
of a substance. 
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Total volume of crucible required = -1 305 cn metal -. 

ri (0.4 cm* 1 metal/cm 3 charge) 

= 3263 cm 3 

EXAMPLE 1.4-3: Determine the mole percentages of an 18% chromium 
g% nickel and 74% iron mixture. 

Solution: For the three component system, a combination of Eqs. 

(1.4-2), (1-4-5) and (1,4-6) yields 


%A = 


w/oA / 

(w/oA / M.W a ) + (w/oB - / MWg) + (w/oC / MW C ) 


and similar relationships for B and C. Using 52, 59 and 56 for 
the molecular weights of chromium, nickel and iron, respectively, 


%Cr 


18/52 

18/52 +'8/59 + 74/56 


SNi 

and by difference 


= 19% 

_8/59_ 

18/52 + 8/59 + 74/56 

= 8 % 


t 


%Fe =100-19-8 
= 73 % 


An alternative and sometimes useful method is to determine 
how many moles of each component and the total number of moles 
that are present. Then the combination of Eqs. (1.4-4) and (1 4-5) 
yields 


_ i nn * moles of A in mixture 
iuu. ■ total moles in (nixture 

In this problem, the number of moles of chromium, N^ r , equals 

^Cr = M Cr/Wcr 

= 1-8 1b m /(52 lb m /lb-mol) 

= 0.0347 Ib-mol 

Simila r i yi N Ni equals 0.0136 Ib-mol and N Fe equals 0.1321 Ib-mol, 


N r.= ^Cr. + "m + N Fe 
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= 0.0347 + 0.0136 + 0.1321 
= 0.0184 lb-mo1 

Finally, the molecular percentage of chromium equals 
%C r = 100% 1 0*0347 Ib-mol/0.1804 lb-mole 
- 19% 

Similar calculations can be done for nickel and iron* 

Note: In this calculation, pound-moles were used* However, 
molesj kilogram-moles * etc, can be used as long as care is taken to 
be sure all units are consistent. 

The analyses of gases given in this book will be given on a 
molecular basis, unless otherwise stated. However, as will be 
shown in Chapter 2, the analysis of a gas on a volume basis is 
virtually identical to its analysis on a mole basis, for the^con¬ 
ditions of temperature and pressure found in most metallurgica! 
processes. Therefore, the mole fraction of component i in a gas 
will also equal 



where v, is the volume of component i and the total volume of. 
the gas 1 including component i* 

Gas analyses are normally reported on a dry basis, i*e, the 
percentages given are for all components excluding moisture,^ The 
moisture content of the gas is then specified as an amount or_ 
moisture per unit volume or per mole of gas. The units of moisture 
content commonly used are grams per cubic meter or grains per 
cubic foot, where 

1 grain = 6.479 891 x 10" 5 kg (1.4-9) 

Care must be used to determine if the moisture content is given 
per unit of dry or wet gas, 

EXAMPLE 1.4-4: Calculate the dry analysis and the grains of 
moisture present per kg-mol of dry gas for a tank of gas that c^n 
tains 10 kg CO, 10 kg C0 2 , 0.2 kg H 2 0 and 78.0 kg N 2 . 

Solution: To obtain the dry gas analysis in molecular percent, 
the masses of each gas except H 2 0 must be converted to moles 

N co = M co /hW co 

= 10 kg CO/(28 kg CO/kg-mol CO) 

= 0.36 kg-mol CO 
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= 0.23 kg-mol C 0 2 


Ijiinl larly * 

it ' - _ 


N n =2.79 kg-mol N 2 
jhen, on a dry basis, i.e. excl udi ng-H 2 0 


N t = N co + N co 2 + n n 2 

= 0.36 + 0.23 + 2.79 
- 3.38 kg-mol 

and from Eqs, (1.4-4) and (1.4-5), it can be seen that 

%C0 * 100* - N CQ /N t 

= 100% * 0* 36/3.38 
= 10.7% 

%C0 2 = 100% * 0.23/3.38 

= 6 . 8 % 


and 


%H 2 = 100% - 2.79/3.38 
= 82.5* 


Finally, there are 3,38 kg-mol of gas, excluding BpO, present, 
along with 0,2 kg of H^O, or there are 

0.2 kg H?Q 1 grain 

(--i— - \ r-—-—-—) 

3,38 kg-mol dry gas 6.48 x 10"® kc 


- 91-3* (grains H^G/kg-mcl dry gas} 

Note, there are a total of 3.39 kg-mol of gas present, including 
d^O. On a wet basis, there will be 

( 0.2 kg H 20 / 3.39 kg-mol gas )(1 grain/6.48 x 10 "® kg) 

Or 

= 910. grains H^O/kg-mol gas 


Present in the tank. 
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The moisture content may also be given as the partial pres¬ 
sure of a cas or as the relative humidity. The concept of partial 
pressure will be dealt with in detail in Chapter 2. For the pre¬ 
sent it is only necessary to assume ideal gas behavior, in which 
case the number of moles of H^Q, Nj^q, in a gas mixture that con¬ 
tains N t moles of gas including H 7 0 is related to the partial 
pressure of H 2 0 , Ph 2 0 = and the total pres5urs p t’ b Y - the equation 


x . __ V V 

1 T 


(1.4-10) 


The amount of moisture that can be contained as a vapor in 
air or in any gas is limited by the temperature and Pressure of the 
qas This limit is called the saturation pressure and the per¬ 
centage or fraction of this maximum value actually present in the 
aas is called the r elative humidity . Values for the saturation 
pressure for air are given in The Hand b ook of_Ghemistry er a 
Physics* 1). / 

EXAMPLE 1.4-5: On a cool winter day, the dew point of the air may 
reach 40°F, while on a hot summer day,_the dew point may reac 
80°F. Calculate the moisture content in grams per mo.e of dry 
air at these two conditions. 

Solution: The dew point is the temperature at which condensation 
nf moisture in a gas begins during cooling, i.e. the temperatu e 
at which^he partial pressure of H 2 0 equals the saturation pres¬ 
sure. At 4 G°F, the saturation pressure is - a the 

psig. Thus, if atmospheric pressure is 1 atm or 14.696 JSJ*. 
number of moles of H 2 0 in one mole of gas including the 
can be found from Eg. {1,4-10), 


n 


■h 2 q = P H 2 0 


!i. 


or 


H 2 ° 


- i‘ n irrH 0-123 psig wLLHil 
" m0 T4.696 psia 1.0 psig 


= 8.37 x Kf 3 mol H^O 


The mass of H 2 0 then equals 

1 , u n t 18 s h 2 ° ) 

\0 = 8 - 37 * 10 " ol Hz ° 


= 0.151 g H 2 0 
































SATER ,AL AND ENERGV BALANCE CALCULATIONS IN METALLURGICAL PROCESSES 

r«$i^'-.'-This mass of is contained in one mole of gas which includes ' 
the moisture* The mass of H^O in one mole of dry gas must equal 

0 = 0J51 g H^Q/fl.Q - 8.37 x 10“^] mol dry gas 

- 0.152 g H^O/mol dry gas 

/\t 80°F, the saturation pressure is approximately 0.502 psig. 

Using the same approach 


K£ : .- 

jjf 

: 

m - 


- 


P ' 

t-v 1 •- ' 

r ■ 


H^O 


= 2.84 g ^O/mol dry gas 


Ft 03ny? man y metallurgical processes have feed and/or product 
streams that consist of mixtures of solids and liquids." These 
mixtures are called slurries , The concentration of the solids in 
the slurries are given as the percentage of the total slurry 
weight (symbol w/o S) or as the solid percentage of the total 
volume of the slurry (v/o S). The relationship between the volume 
percent solids, weight percent solid, the specific gravity of the 
solid phase (symbol p s ) and the specific gravity of the slurry 
mixture (symbol p m ) are given below for water slurries, i.e, 
sol ids in water. 


v/o S = 


100 


1 + 


^ T 00 - w/o 5] 


w/o 5 


8 100 - p (100 - w/o S) 
m 

P m 1 

= 100 (-E- T ) 

p s - 1 


(1.4-lla) 

(1.4-1 lb) 
(1.4-11c) 


= w/o S 


p n/ p s 


w/o S = 


v/o S 


1 + 0.01 • v/o S ■ ( p - 1) 


(1.4-12a) 


= .ioo ) 

p m p s ' 1 


= 100 - (IPO - v/o 


(1.4-12b J 

Cl.4-1Ec J 


= v/o S 


p s /p m 


(1.4-12d) 


Lisino Fi Y thess f0Lir slurr y variables can be determined 

qranh S' - ' : The two-known values are located on the nomo- 
straight line connecting them is drawn across the 
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figure* Its intersections with the other variables give their 
va 1 ues. 


EXAMPLE 1.4-6: Calculate how many pounds of magnetite (symbol 
Fe^O^} must be added to 100 pounds of water to make up a slurry 
with specific gravity of 1.4* The specific gravity of Fe 3 Q d is 5.2 



Figure 1 4-2 NOMOGRAPH FOR CALCULATION OF SLURRY PROPERTIES 
(Ref* F. Caplan, E/MJ, No * 10 (1975), 106r 
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if the remainder or 65% of the mass of slurry, M m , is 

water, \ 
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= 100 % 


k h 2 0 65s 


\ = t! ■ 100 >' 


65% 

= 154 lb 


m 


and the mass of magnetite must equal 


- «H ? 0 

■ 54 

EXAMPLE 1-4-7: Calculate the specific gravity of a slurry which 
contains forty volume percent lime* The specific gravity of lime 
is 2.6. 


Extending the line drawn through the points p R - 2*6 


Solution: 

.. and v/o S = 40 to the scales for p and w/o S yields p 
w/o S - 62.5 w/o lime. 


= L 


6 and 


1-5 ELECTRICAL UNITS 


The basic SI electrical units the ampere , measures current 
(i). Current can be passed by the flow of either electrons or 
ions. In solids, current almost always consists of electron flow; 
in electrolyte solutions, must of the current flows by motion of 
ionic species (e.g,* Cu + , Na + , etc.). 

The.51 unit of charge, the Coulomb, is defined as being the 
charge which is transferred by a current of one ampere flowing 
for one second. The SI unit of electrical potential {V), the 
volt, is the potential in which a charge of one coulomb experiences 
a force of one newton* Millivolts are also commonly used; one 
millivolt (mv) = 10" 3 v. 

By convention, current is regarded as composed of positive 
charge and hence flows from more positive to less positive regions 
or terminals regardless of whether the actual flow is of electrons, 
negative ions, or positive ions. 

The 51 unit of resistance (R) is the ohm . The ohm is 
denned as the resistance which permits flow of one ampere under 
an imposed electrical potential difference of one volt. 

Energy W is, as usual 3 ’measured in joules, and power P i 
watts (one watt being one joule per second). 


UMVERSIQAE 
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Some basic equations of electrical flow are: 
V = Ri 

P = iV = i 2 R 
W = tP - i 2 Rt 


0.5-1) 

(1-5-2) 

(1.5-3} 


Resistance is connected to resistivity (specific resistance} 
by the relation that resistivity is resistance multiplied by the 
area through which the current flows and divided by the path 
length of the current (S = R A/1). The SI resistivity unit is the 
ohm-meter, 

EXAMPLE 1.5-1: A 2.0 volt potential drop is applied down a 
circular bar of 0.1m radius which is 2m long and has a resistivity 
of 1.7 x IQ' 6 ohm-meters. What is the magnitude of the current? 

Solution: The area of the bar is n (.1)* ;; 0.03Um 2 Therefore, 
the resistance is (1.7 x 10' 6 (2)/.0314 = 1.08 x 10 ■ ohms. The 
current is given by i = V/R = 2/1.08 x 10 amperes. 


= 1.85 x 


1Q 4 A 
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One quantity which is of importance in electrometallurgy is the 
faraday. A faraday is one mole of electrons. One faraday (F) 
is 96,500 coulombs. The significance of this number is that li the 
electricity is used to discharge ions, one faraday wi ,1 discharge 
one gram e quivalent of ions. A gram-equivalent of_singly-charged 
ions in one gram-mole; an equivalent of m-charged ions is 1/ra 
gram- mol e . 

EXAMPLE 1.5-2: How many gram-moles of Al +3 ions could be dis- 
charged i.n one minute by the current in Example 1.5-1 , it none or 
the current was lost to leaks or other processes. 

Solution: In one minute 6 current of 1.85 x loj amperes will 
carry (60)(1 .85 x 10 4 ) = 1.11 x if coulombs = 1.11 x 10 /-965 _ 
x 10= = 1.16 equivalents. For Al +3 ions 1.16 gram-equivalents 
1.16/3 = 0.387 gram-moles. 

1.6 SUMMARY 

The SI system of units, which has been adopted by the major¬ 
ity of the countries in the world, will be emphasized in .his 
text. This system is based upon a set of fundamental uni ’ 
with additional or derived units being made up of simf3 ^ - 

tions of the fundamental units. In all cases .the c0! ? , d t 

factor between the derived and fundamental uni ts are ■ P. 
of the gravitational field and equa s to unity. 

The Conversion Factors in Table T.2-1 are ““ful wjer^con- 
„yerting from non-SI to SI units. When .more Than ■- t0 - 

1 actor is required, the dimensional equation shoul „ ratur e 

Organize the conversion process. For the h un ^L ° t0 change to 
nd pressure, a conversion equation must be usea to 5 
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different size units and to shift the zero points for the different 

scales. 
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DIMENSIONS,UNITS, and CONVERSION 


i-ACTOR s 


EXERCISES 


"1.1 Change 400 in^/day to cm®/min 
h& Ids 

'*•2 If 3 bucket holds 2 lb of NaOH {molecular wt - u 

, how many 


a) lb-mo1 of NaOH does it contain? 

b) g-mol of NaOH does it contain? 




'.1.3 Convert the value of the gas constant R into cgs and mk 


n.4 


^i we. ui tuc. yuu v.v«iJLanu FT. imlu cg 5 ana mks 
(metre-kilogram-second) units. R = 0.03204 1-atom deg"l 
mole" 1 , 


CriSpl . 

A crucible contains 10 lb of Cu and 15 lb of Zn. What is 
the weight fraction and mole fraction of each component in 
the crucible? 


1.5 Convert 1 x 10“^ atm to pressure on the mm Hg (vac) scale 
and to torr. 


^1*6 Find the kinetic energy of a kilogram of water moving at 
60 mph expressed as 


a) joules 

b) watt-sec 

c) liter-atm. 


1.7 The emissive power of a black body depends on the fourth 
power of the temperature and is given by 

W = AT 4 

where W = emissive power in Btu/fft^ h) \ 

A = Stefan-Bolt 2 man constant, 0.1714 x 10"® Btu/ 

(Ft z h °R 4 ) 

T = temperature in °R. 


What is the value of A in the units: 

a) cal sec -1 cm "2 (°c)“^ 

b) cal sec"^ cirf^ 

c) joule sec"' 1 rrf 2 (°K)“^ 

1,8 Fill in the following table. 

Weight, g Ht.t Ml 
12.0 
8.0 
75.0 
'5, 0 


Mole Fraction 


co 2 

°2 

No 


h 2 o 
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fill in the following table. 

Wt.% Mole Fraction 


Vol ,% 


Ca CO 3 

22% 

-- 

MgC0 2 

IBS 


CaO 

23% 


NaCl 

30% 


k 2 S0 4 

7% 



1-10 

1.11 

1.12 


Calculate the percentage composition by weight of a stain¬ 
less steel melted in an electric furnace. The charge 
consisted of 2000 lb of iron, 506 lb of Cr, 225 lb of Ni, 
and 85 lb of Mo. 

Convent 150°C to a) K, b) °F, c) °R. / 

The thermal conductivity of aluminum at 32°F is 117 Btu 
h"' ft"' (°F)" . Find t.hp prnriva 
of cal sec*^ aif 1 (°C)’ 


h" E ft" 1 Find the equivalent value at 0°C in terms 

' n” 1 (°r Y*1 


1,13 Convent 340 mm Hg to.: 

a) newton/meter^ ^ 

b) lb/ft 2 - 


: • '-T • 


CHAPTER 2 


STOICHIOMETRY 

2.0 INTRODUCTION 

Many of the material balance problems that arise in metallur¬ 
gical processes can be solved with either tteknowledge of the 
relationship between the mass of elements within a compound and 
the total mass of the compound, the relative masses of reactants 
and products involved in a chi mi cal reaction, or the mass of com¬ 
pounds contained in a given volume ot gas. This chapter reviews 
the use of stoichiometry to develop these relationships. The 
material that will be covered is in great part a review of material 
that is taught in basic chemistry. The material is, however, very 
important to the development of the remainder of this text, and 
for this reason, it is presented in. some detail. 

2,1 ATOMIC AND MOLECULAR MASS {WEIGHT} 

As mentioned in Chapter I, the mass of single atoms is 
measured in atomic mass units (symbol a.m.u.) on the Atomic 
Scale This scale is a relative sea ie wi th Carbon-12 , i .e., me 
a fbon atom (isotope) which contains six protons and six neutrons., 
being taken as the reference point. The mass of Carbon-12 is . 
chosen to be equal to 12.0000 a.m.u. The masses of all other atoms 
are then measured relative to this standard. 

The atomic masses, relative to the Carbon-12 Standard, of 
some of the most common elements are given in Table c 

should be noted that more than one isotope can exist for many atoms 
and the values of the atomic masses given in Tab | ■ n T^re 

the average for the mixture of isotopes commonly found in nature 
Thus, the atomic mass of carbon is given as 12.0115 a.m.u. and not 
12.0000 a.m.u. 

■ The terminology, atomic weight and the atomic weight uni! 
(s^bol erfiftSTTncoStTeed These term .re 

to the atomic mass and atomic mass unit and should not lead to a y 
confusion. 

1 a.w.u. = 1 a.m.u. (2.1-la) 

= 1.6598 x 10' 24 g (2.1-lb) 

= 1.6598 x 10' 27 kg (2.1-lc) 

Synonyms that are frequently used to d ^ s ^ 1 ^ e ^ e T ^p 0 nrL-moTe 

subst ance tha t is equal to one mole of an element are uhe cram-_ 

the gram-atom and the gran-atomi c wej^rvp. 


























Table 2/M 


Element 


A1 uminum 

Antimony 

Argon 

Arsenic 

Ba rium 

Beryl! i um 

Bismuth 

Boron 

Bromine 

Cadmium 

Calcium 

Carbon 

Chlorine 

Ch romium 

Cabalt 

Copper 

Fluorine 

Gold 

Helium 

Hydrogen 

Iodine 

Iron 

Krypton 

Lead 

Li th i um 

Magnesium 

Manganese 

Mercury 

Molybdenum 

Neon 

Nickel 

Mitrogen 

Oxygen 

Pal 1adium 

Phosphorus 

Platinum 

Potassium 

Rhodium 

Selenium 

Silicon 

Si 1 ver 

Sodium 

Strontium 

Sul fur 

Tantalum 

Tin 

(continued) 


Table of Atomic Weights of the More Common Elements 


5y m bol Atomic Weight 


26,9315 

121,75 

39*948 

74*9216 

173,34 

9.0122 


Bi 

208.980 

B 

10.811 

Br 

79.909 

Cd 

112.90 

Ca 

40.08 

C 

12.01115 

Cl 

35.453 

Cr 

51.996 

Co 

58.9332 

Cu 

63.54 

F 

18.9984 

Au 

196.967 

He 

4.0026 

H 

1.00797 

I 

126.9044 

Fe 

55.847 

Kr 

83.80 

Pb 

207.19 

Li 

6.939 

Mg 

24.312 

Mn 

54.9380 

Hg 

200.59 

Mo 

95.94 

Ne 

, . 20.183 

Ni 

58.71 

N 

14.0067 

0 

15.9994 

Pd 

106.4 

P 

30.9738 

Pt 

195.09 

K 

39.102 

Rh 

102.905 

Se 

78.96 

Si 

28.086 

Ag 

107.870 

Na . 

22.9898 

Sr 

87.62 

5 

32.064 

Ta 

180.948 

Sn 

118.69 


38 
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Element 

Symbol 

Atomic Weight 

Titanium 

Ti 

47,90 

183,85 

Tungsten 

W 

(Irani um 

U 

238.03 

Vanadium 

V 

50.942 

Xenon 

Xe 

1 31.30 

Zinc 

Zn. 

65.37 

ZircGnium 

Zr 

91.22 

All of the atomic masses 
in Fig. 2.1-1. 

can be found 

on the periodic table shown 


Molecules are composed of atoms in characteristic numbers 
and arrangements. The formula that expresses the-exact number of 
atoms of each element that make up the molecule is called the 
molecular formula . The mass of a molecule is found by adding the 
masses of all of the atoms in the molecule. 

For the general compound A x By* the molecular mass will equal 
x times the atomic mass of A plus y times the atomic mass of B, ■ 

For a mole of the compound, 

MW A b = x*MW a + y -MW b (2,1-2) 

X y 

For one molecule, 

m A B = x-m A + y ^ (2*1-3; 

x y 

A mole of a compound.consists of one mole of the molecules 
that make up the compound. Thus, a mole of hydrogen chloride 
consists of a mole of HC1 molecules or a mole of hydrogen atoms - 
combined with a mole of chlorine atoms. A mole of a substance 
has a mass in grams equal to its mass in a.m.u. The qram^molecular 
weight may be used as a synonym for the mole or gram-mole. Also, 
the term molecular mass, or molecular weight is commonly used-to 
specify the mass or weight of one mole of molecules (symbol MW). 
Differentiation between the two meanings of this term is made by 
the units associated with the statement, i.e. a molecular weight 
given in a.m.u, refers to the weight of one molecule* while if 
given in grams It would be the molecular weight of one mole of 
molec u1e s, 

A second type of formula known as the simple or empirical 
formula is also often used. This type of formula, however, gives 
a minimum amount of information about a compound as it only 
states the relative number of atoms in the compound. The empiri¬ 
cal formula has subscripts that represent the set of the smal 1 est 
possible integers that can show the relative number of atoms in 
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Figure 2.1-1 The Periodic Table. Numbers in parentheses are mass numbers of most stable isotope of that, element 
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the substance. 

The formula weight is found in exactly the same manner as 
the molecular weight. The gram formula weight , the mass of one 
mole of the compound with the stated empirical formula, is often 
equated to the molecular mass. Caution must, however, be exercised 
in this practice. 

EXAMPLE 2 1-1" The molecular formula for sphalerite is Zn5, 
Determine" the*formula weight of this, compound. 

Solution: The formula weight of sphalerite, m ZnS , equals the 
atomic mass of zinc, m Zn , plus the atomic mass of sulfur m $ . 


ra ZnS = m Zn + m S 

= 65.37 a-m.u. + 32.064 a.m.u. 

= 97,43 a.m.u* 

= 97 a.m.u* 

EXAMPLE 2*1-2: Determine the mass of one mole of sphalerite. 

Solution: The empirical formula for ZnS contai ns. 1 $1 £ f d 

1 sulfur atom and 1 mole of ZnS contains 6.023 x 10 ™Xcuie 
of ZnS or 6.023 x 10 23 atoms or zinc and of sulfur Accord y 
the mass of one mole of ZnS equals the mass of 6.023 x 10 1 . 0 ms, 

of Zn plus the mass of 6.023 x 10 23 atoms of sulfur. 

MW ZnS = 6.023 x 10 23 m Zn + 6.023 x 10 23 m s 

24 

,6.023 x 10 23 Zn_atoms^(65.37 a.m.u.j t JJ5ggjL-&) 

= <-ISoTFTtTS A Zn atom a - m - u ‘ 

-24 

6.023 x 10 23 S_atoms_^, 32.064 a.m. { 1 ■ 65 ;j 8 X r^- £ ) 

+ [ -mole Z^S n S atom. a.m.u. 


= 97.43 g/mol ZnS 


EXAMPLE 2.1-3: The molecular formula for benzene XX^ene? 
are the empirical formula and gram formula weight for benzene. 

Solution: The empirical formula must show the thermal lest 

po^ble^It'flntege^^TSe^mprical formula is therefore CH. 
The gram formula weight (symbol gFw) equals. 


g Fw CH = MW C + MW h 
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= 12.0111 5g + 1-00797g 
* 13,02 g 


EXAMPLE 2.1-4: How many gram-a toms are contained in a mole of 
oxygen ges? 

Solution: Oxygen gas is diatomic, i.e. each molecule has two 
atoms. Therefore, 

1 mol 0? = 1 mol 0 ? f 6 - 023 x 1q23 molecules ^ , 2.0 atoms 

mol 0- 


2 


'0g molecule 


1 g-atom 0 


6,023 x IQ 23 0 atoms 
" 2 g-a to ms 0 


2.2 THE CHEMICAL EQUATION 

The second aspect of stoichiometry that will be considered 
deals with the relationship between the masses of reactants and 
products in chemical reactions. For the majority of processes of 
importance to the metallurgical engineer * atoms can neither be 
created nor destroyed. Thus, for any chemical reaction, the 
number of atoms of any element .in the products must equal the 
number of atoms of that element in'the reactants. This principle 
is a simple statement of the law of conservation of mass . The 
procedure followed to assure that this law is obeyed is called 
balancing the chemical equation. 

Many chemical equations are balanced by inspection. It is 
obvious from the molecular formula for water that two hydrogen 
atoms must combine with one oxygen atom to form one molecule of 
water. 


or 

or 


2H + 0 - U z 0 
H 2 + 1/2 € 2 - H 2 0 
. 2H 2 + 0 2 = 2H 2 0 


( 2 . 2 * 1 ) 
( 2 . 2 - 2 ) 
(2.2-3) 


Eq. (2.2-1) shows that there are two atoms of hydrogen and one 
atom of oxygen present as reactants and products. Eq. (2.2-1) 
could also have been written as 

2 x 6.023 x 10 23 H +- 6.023 x 10 23 0 = 6,023 x 1C 23 H 2 0 (2,2-4) 

to show that two gram-atoms of hydrogen and one gram-atom of oxygen 
are present as reactants and products. However, the most cormon 
interpretationof Eq. (2.2-1) is that two gram-atoms of hydrogen 
react with one gram-atom of oxygen to form one mole of H?CL i.e. 
tne chemical symbols are used'to indicate one .mole of the sub¬ 
stance rather than one atom or molecule. It is also common 
practice to write balanced chemical equations with the smallest 
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set of integer coefficients that can be used to represent the 
reaction, and with the elements in their appropriate molecular 
formula, i.e. 0 2 as opposed to 0 and H 2 instead of h. Thus Eg 
(2.2-3) is the preferred form for this reaction. * 

In order to avoid confusion and errors particularly in thermo- 
chemical calculations, the physical form of the reactants and' 
products should also be included in parentheses after the chemical 
symbols in a chemical equation. For example, (g) for gas, {%) 
for liquid, (s) for solid, or a more detailed symbol for a specific 
solid phase, such as (y) for y-iron* the face-centered cubic form - 
of iron. 

When a reaction is proceeding in one direction, an arrow (+) 
is used to indicate the direction of the reaction. When the rate 
of reaction in both directions is equals i.e. the^process is at 
equilibrium, an equal sign {=} or double ar row (+*) is commonly 
used, 

EXAMPLE 2,2-1: Write the chemical equation that represents the 
oxidation of liquid copper sulfide (CU 2 S) by gaseous oxygen to 
liquid copper and sulfur dioxide. 

Solution: The unbalanced equation is 

CugSfl) + 02(g) Cu{i) + S 0 2 (g) 

Balancing the copper atoms yields 

Cu 2 $U). + 02(9) + 2Cu(i} + S0 2 (g) 

At this point, sulfur and oxygen atoms are also balanced. Thus, 
the equation is balanced: the same number of atoms of each 
element appear on both sides of the equation. 

The amount of information present in the balanced chemical 
equation may be summarized. For the equation 

Cu 2 SU) + 0 2 (g) = 2CuU) + S0 2 (g) 

this equation shows that: 

1) one mole of Cu 2 $ combines with one mole of oxygen to 
form two moles of copper and one mole of S0 2 j 

2 ) two moles of copper atoms in Cu 2 $ form two moles of 
liquid copper, one mole of sulfur atoms in Cu 2 S forms 
one mole of sulfur dioxide which contains one mole of 
sulfur atoms, and one mole of oxygen gas (two gram¬ 
ma toms) is required to form one mole of S0 2 which 

contains two gram-atoms of oxygen; 

3) 159, U g of Cu 2 $ combines with’32.00 g. of 0 2 to form 
127.08 ,g copper and 64.05 g S0 2 ; and 












Serial and energy balance calculations in metallurgical processes 


4 ) 131,14 g of reactants {Cu^S and O 2 } react to form 191,14 

g of products, 


£XAMPLE 2,2-?: How many grams of iron can be produced from one 
Enole of iron ore which is 100% hematite (Fe^O^)? 


Solution: One possible reaction for this process would be 

F e 2^3^ 5 ^ + 3C0(g) ^ 2Fe(s) + 3 CO 2 (g) 

However, under any process in which hematite is completely reduced, 
one mole of produces 2 moles of iron. Therefore, the 

weight of Fe is 


2 mol Fe = 2 mol Fp( 55.847 g Fe ) 
mol Fe 


- =-HT.'694 g Fe 


= 112 g Fe 


EXAMPLE 2,2-3: How many moles of sulfur dioxide are produced 
when one metric ton of copper matte containing 6015 CU 2 S and 40% 
FeS is converted to liquid copper and iron oxide? 


Solution: Since the analysis of liquids is usually on a weight 
basis, 100 kg of matte will contain 60 kg CuoS and 40 kg FeS. 
Then, 


1 ton matte 1000 kg 60 kg Cu 9 S 
1 ton matte =(—— --—) (——-—) (—-=- ) 


ton * ^100 kg matte 


= 600 kg CugS 


600 kg Cu 0 S 1 kg-mole Cu 0 S 1 kg-atom S 

600 kg Cu„S s (- L-) ( -— - v - / ) {,- T _ _ ) 

2 159 kg Cu?S xg-mole Cu^S 


kg uu 2 - 
e 3,77 kg-atoms sulfur 


Simil arly, 


400 kg FeS 1 kg-mole FeS 1 kg-a tom S 
400 kg FeS - - — — ( 00 ' ^ c-t ){) 


K 88 kg FeS n kg-mole FeS 

= 4.55 kg-atoms sulfur 

ontains one kg-atom 
number of kg-moles of S0^ will equal 


Then since 50 ? contains one kg-atom of 5 per kg-mole of SG^, the 


„ /I kg-mol SO?\ ■ 

n so 2: “ n s ( — 


1 kg-atom S 
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= (3.77 kg-atom S + 4.55 kg-atom Slf 1 kg ~ mo1 S 0 2 l 

1 kg-atom S 


" = 8,32 kg-mol SO 2 
“ 8320 mol SO 2 
2,3 THE IDEAL GAS LAW 

Most gases involved in metallurgical processes are at suffi¬ 
ciently high temperature and low pressure to behave in a manner 
similar to ideal gases . Ideal gases obey the ideal gas law which 
can be represented by the equation 

PV = nRT (2.3-1) 


where P, V and T are the pressure, volume and absolute_temperature 
of the gas, respectively. The number of moles of gas is n, and 
R is the ideal gas constant. Several useful vaiues ot the ideal 
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Table 2.3-1 

Values of the Ideal Gas Constant 


8.314 

J/mol*K 

1.987 

cal /mol -K (Thermochemi cal cal) 

.1.986 

cal/mol (International Table ca! 

1.986 

Btu/lb-mol‘°R 

■0.08205 

litre-atm/mol■K 

1.545 

ft-lb f /lb-mol-°R 

10.73 

psi ■ftVlb-moi ■ °R 

0.7302 

atm-ft 3 /lb-mol*°R 


Rearrangement of Eq. (2.3-1) yields 


V RT (2-3-2) 

rr 


or at any given temperature and pressure, thie v ■ P - s the 
the number of moles in a given volume of any t d y at 273 k and 
same. To date, most gas voiumes have which are 


-Mm 


I . H \ r\ V'r*! C C 'iro 
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ca ]]ecf the standard temperature and pressure (symbol S.T.P,), 

1 mol gas = 22A x 10“ 3 m 3 (2.3-3a) 

1 kg-mol gas - 22,4 m 3 (2.3*3b) 

1 lb-mo 1 gas - 359 ft' 3 (2.3-3c} 


The deviation with pressure from ideal behavior is shown in 
Table 2.3-2. For most engineering calculations, the error is 
clearly small and may be neglected. However, at high pressure 
'' - and for gases with complex molecules, the error may be serious 
and should be accounted for. 


Table 2,3-2 

Corrections to Ideal-Gas Behavior at 273K 


• Gas 


Pressure, 

atm 


Air 

-0.06% 

-0.57% 

-2.27% 

- -3.112 

h 

-0,05 

-0,43 

-1,57 

-1.57 

■ r o z 

-0.09 

f -0,96 

-4.40 

-7.75 

u 2 

+0,06 

+0.63 

+3,15 

+6.45 

CO 

-0,05 

-0.45 

-2.25 

-2.80 

zo 2 

-0.33 


-89.57 

-79.93 


To obtain actual volume, correct the volume calculated from Eq 
] Percentages tabulated above. (Ref. R. Schuhman, 
necanurgical Engineering, Addison-Wesley Pub, Co,, 1 952) 


l*T\l lo 3 ;lLj he f erage vel ? cit * of oxygen in a 1 inch diameter 

the m-e *l C ’ ^ 0W !nan - y 1110 es per hour are Passing through 

one pipe if the gas is at 273K and 100 atm (10.13 MPa)? 

???}?":. fi ^ umin 9 that oxygen is ideal at these conditions, Eq 

However ll a ! USe0 - to find the volume P er mo1e of the gas. ' 

- * an alternative procedure would be to rearrange Eq, (2,3-2) 

PY 

Tj - R = constant 


or 


p lV] B P 2 V 2 


- Ti 
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Tn this example, T^ = T 2 , Pi = 1 atm and Vi = 359 ft 3 f or 1 ik 
mole of oxygen. For “ 100 atm. 


v 2 = 


p r v i 


_ 1 atm- (359 ft 3 /lb-mol 0 ? ) 
100 atm 


= 3.59 ft 3 /lb-mol 0 2 

Since the volumetric flow rate, V* equals the linear velocity, v, 
times the cross-sectional area, A 0 , 

V = v-A 


where 

A = tr-d^/4 


or 


V = v-ir-d /4 


(5a£b-¥*(l in( T4i)) Z /4 
s 12m 


= 0,273 111* (3600_s_) * (1 Ib-mol 0 2 ] 
■ s h 3.59 ft 3 1 


= 1.24 x 10 b lb-mo1 0^/h 


From Table 2.3-2, it can be seen that at 100 atm the actual 
volume of oxygen is 7.75% lower than that predicted by the ideal 
gas law. Thus, the volume per lb-mole of 0 2 at 100 atm is 
3,31 ft 3 (=0.9225 x 3,59' ft 3 ) and the flow rate is actually 
1,35 x 10 5 lb-moles 0 £ /h, 

In gas mixtures made up of ideal gases, each component of the 
mixture obeys the ideal gas law. Thus, for the i-th component 
of an ideal mixture contained in a volume V and at a temperature 
T> 

P.Y » n- RT (2,3-4) 

where P. and n-j are the partial pressure and number of moles or 
component i, respectively. 
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Ttie partial pressure of component i is the part of the total 
pressure exerted by the mixture that is exerted by species i. 

Since ideal gases also obey Dalton's Law, the total pressure, P t , 
for'an n component mixture will equal 


n 

p t = £ p i (2.3-5) 

1-1 

Then, if 


P 1 V = 

n l RT 

(2.3-6a) 

p 2 v = 

n 2 RT 

(2.3-6b) 

P i V = 

RT 

(2.3-5 c) 

P n v = 

summation of Eqs. (2.3-6a) through 

n RT 
n 

(2*3-6d) yields 

{2,3- 6 d) 


or 


V(P i ) = (fnp RT (2.3-7) 

i=l 1=1 

VP t = n t RT (2.3-8) 


where n t is the total number of moles of gas in the mixture. 
The division of Eg. (2.3-6c) by Eq. (2.3-8) yields 


L,!!i 

p t n t 


Sut n,/n t is the mole fraction of species i, Xj , in 
Thus the partial pressure of i equals 1 


P, = X.P. 

l i t 


(2.3-9) 


the mi xture. 


(2.3-10) 


Finally, the volumes of ideal gases at constant temperature 
and pressure are additive, or 


P V i = n i RT 


(2.3-11) 


Using reasoning analogous to the previous development, 
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(2.3-12) 


where V^/V^ is the volume fraction of component i, and 

V. 

vol si = 100 - 1 = TOO X i = X -i (2.3-13) 

V t 

Therefore, for ideal gaseSi volume percentage equals mole percentage . 

EXAMPLE 2.3-2: For most engineering calculations, air is assumed 
to be 21% oxygen and 79% nitrogen on a molar basis. Calculate 
the error associated with assuming air has the same analysis on 
a volume basis at a) 273K and 1 atm, and b) 2/3K and 100 atm. 

Solution: In one hundred moles of air there will be 21 moles of 
oxygen and 79 moles of nitrogen. At 273K and 1 airi and if + 0 2 ^nd 
Hn are assumed ideal, the volume per mole of gas is given in 
Eq, (2.3-3a} as 22.4 x 10"^ nr. Then using the appropriate cor¬ 
rection factor from Table 2,3-2 yields* 

100 mol Air = 100 mol Air L 2 ' 4 X 1 (0.9991) 

100 mol Air mol 0 2 


Also, 


= 0.A7 m 3 0 2 


100 mol Ai r = 100 mol Ai r 


79 mol Nj 
100 mol Air 


22.4 x 10" 3 m 3 N 2 
mol 


■) (0.9995) 


= 1.77 m 3 N 2 

Then, the volume percent 0 2 will equal 

r. o 2 = iooi;*-v 0 ^/(v o ^ + v^) 

IPOS'0-47"’m 3 
(0.47 m 3 + 1.77 m 1 ') 

= 20.98ii 0 Z 

= 21% 0 2 on a volume basis 


and 
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= 100 - % 0 2 


79™ on a volume basis 


- Us ing 5 similar approach for air at 100 atm, and the appropriate 
.: correction factors from Table 2.3-2; - 


Vq = 4.3 x UT 3 m 3 


= 1.72 x 10'- m 3 


%^2 ~ 2G* on a volume basis 


%^2 = 80» on a volume basis 

Therefore, even at 100 atm the error associated with assuming that 
the analysis on a volume and molar basis for air are equivalent 
is s ma 11 , M 

EXAMPLE 2.3-3: Calculate the partial pressures of CO, and H,0 in 
tne gas produced by the complete combustion of methane (CH„) Z with 
oxygen at 100DK and! atm. v W1tn 

Solution: The chemical equation for the reaction is: 

CH 4 -(g) + 20 2 (g) - COj (g) + ZHfl (g) 

By inspection of the equation it is seen that two moles of 0, 
are required to completely burn one mole of CH d , and that the 
products will contain two moles of H 2 0 for every mole of CO,. 

Thus if y mo es of Oi 4 are burnt, y moles C0 ? and 2y moles Lo 
will form* In the product gas, ^ - 


TO- 


^CO 


2 n C0 2 + n H 2 0 


" y + 2y 
= 0.33 


v _ n H,0 

H 2° 


n H 2 0 + n C0 2 
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Referring to Eq, (2,3-12), we 
is 


0.67 



0*33 * 1,0 atm 
0*33 atm 

0*67 atm 

ee that the volume fraction of C0 2 



0.33 


and 




0*67 


Thus, assuming ideal gases, the partial pressure and volume 
fraction of each component are the same. 


2*4 EXCESS AND LIMITING REACTANTS 

When the path of a reaction is described by a chemical 
equation, the exact or stoichiometric amount of reactants that 
are required to produce a pre-determined quantity of product 
is found from the stoichiometry of the reaction, {see Example 
2*3-3). In many processes, an excess of one or more reactants is 
supplied to "force" the complete reacti on of one of the other 
reactants* Under these circumstances, the reactant present in 
the smallest stoi chi ometri c amount is called the 1 i mi ting reactant . 
The reactants supplied j_n excess of the stoi chi ometri c amount 
required for complete reaction of the limiting reactant are 
called excess reactants * 

The percent excess for any excess reactant is defined on a 
molar basis and equals 


(moles in excess) 
jJ exc:ess ' (moles requi red~for x 
complete reaction) 


100 S 


(2*4-1) 


The moles required for comp!ete reacti op must be re-emphasized at 
this point. The % excess is based upon the excess supplied over 
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If 407 mol of air are supplied to coke with the 
andipiJ as in Example 2,4-1, and the carbon only burns to 
• carbon monoxide (CO), what percentage excess air was supplied? 

Solution: Since in combustion terminology the ’’-percent excess 1 ’ 
ka*pd upon the theoretical requirement for complete reaction, 
j excess still equals 10£. 

EXAMPLE 2-4-4: What is the Orsat Analysis of the gas produced by 
£he incomplete combustion of methane with 10% excess oxygen ? 

Solution: The Orsat Analysis is the analysis of combustion pro¬ 
ducts given by an Orsat apparatus. This analysis is given on a 
dry basis, i-e. all of the moisture is excluded, and may also be 
referred to as the flue gas analysis or gas analysis on a dry 
basis , (see Chapter TJT 

Assuming that incomplete combustion in this example means 
all of the methane burns to carbon monoxide and water, it is seen 
from the chemical reaction 

CH 4 (g) + 1.5 0 2 (g) - C0(g) + 2H 2 0(g) 


that 1.5 moles of oxygen are stoichi ometri cal ly required for.every 
mole of methane burned to CO and H 2 0. The theoretical requirement 
for complete combustion is 2.0 moles of oxygen (see Example 2,3-3) 
and if 10% excess is supplied, 2,2 moles of oxygen must be sup¬ 
plied per mole of methane. 


After combustion, 2.2-1.5, or 0,7 moles of oxygen will 
remain. One mole of carbon monoxide and two moles of water will 
also be present. However, the Orsat analysis will.be for the 
oxygen and carbon monoxide only. The Orsat analysis will thus 
equal 


% o 2 


100 *- 


+ n 


CO 


= 100 %* 


0,7 

0.7 + 1,0 


and 


41% 


% CO - 100% - % o 2 
v ■ ^ _= 59% 

st . Also ^countered in combustion calculations is the term 
— q - ^.° The stack gas contains all of the gases resulting 
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from a combustion process, including moisture. (See Chapter 1 
for a discussion of gas analysis on a wet basis. 

Several terms are often used to describe incomplete reactions 
There are no standard definitions for these terms or even standard' 
usages. In order that a trend may be started which may lead to 
standard definitions, the definitions as stated in a wide]v,used 
chemical engineering text on energy and material balances^5 will 
be used in this text. 


“ Conversion is the fraction of some material in the feed 
that is converted into products. What the basis (see Chapter 4} 
in the feed is and into what products the basis is being converted 
must be clearly specified or endless confusion results. Conver¬ 
sion is somewhat related to the degree of completion of a reaction, 
which is usually the percentage or fraction of the limiting 
reactant converted into products, 11 

'‘ Selectivity expresses the amount of a desired product as a 
fraction or percent of the theoretically possible amount from, 
the feed material converted. Often the quantity defined here as 
selectivity is called efficiency , conversion efficiency , specifi- 
ci tv , yield , ultimate .yield or recycle yield .” 

"Yield, for a single reactant and product, is the weight 
or moles of final product divided by the weight or moles of initial 
reactant (P lb of product A over R lb of reactant B), This is 
sometimes referred to as the recovery. If more than one product 
and more than one reactant are involved, the reactant .upon which 
the yield is to be based must be clearly stated. kl 

The correct usage of the above terms is illustrated by the 
following example which has been adapted from the same text. 


EXAMPLE 2.4-5: Antimony can be produced from its sulfide by 
reduction with iron according to the reaction 

Sb 2 S 3 {l) + 3Fe (s) + 2Sb(« + 3FeS{l) 


Determine a) the limiting reactant, b) the percentage or excess 
reactant, c) the degree or fraction of completion, d) the percent 
conversion, 3) the percent selectivity and f) the yield for a 
process in which 0-600 kg of Sb 2 5 3 is mixed with 0,250 kg of iron 
to form 0.200 kg of Sb metal- 


Solution: a) According to the above reaction, three moles or 16a 
qrams of iron must combine with one mole or 340 grams of Sbjij. 
Thus, if 0.600 kg of Sb ? S 3 are available to react with iron, the 


M Fe = M Sbj0 3 


f 16S'q Fe ) 
340 g Sb 2 S 3 


(1) D. M, Himmelblau, Basic Principles and C a 1cu '| a ^ ions ln f 

cal Engineering , Prentice Hall Inc., Englewood Clitrs, n.j 


Che mi - 
-TS74T 
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thr nrPt.ica1 1 y required amount, even if the reaction does hot 

3 y convention the composition of gases is given in terms of 
volume percent while the composition of solids is^ given in terms 
of weight percent. For example, when coal has the following 
compos i ti on: 


77.6S C 


4, S% 0 


5.3* H 


2.8% S 


1.5S N 


8,3% Ash 


5 ^ 3 % h is not read as 5,3% of atomic hydrogen. It is read as 
1[ 5.3% hydrogen 11 , H, N, and 0 are used here as abbreviations for 
the words hydrogen, nitrogen and oxygen. Since coal is a solid, 
the analysis is given in weight percent so that 5.3%H means 
one has 5-3 grams of hydrogen in 100 grams of coal. 

EXAMPLE 2,4-1: Calculate the theoretical air , i.e, the exact 
amount of air, required to completely burn 1 kg of coke. The 
coke analysis is 89% C, 1% H and 10% ash. 

Solution: The theoretical air will contain the exact number of 
moles of oxygen necessary to burn carbon to carbon dioxide and 
hydrogen to water according to the reactions 


and 


C + 0 2 = C0 2 


i 2 + 1/2 0 2 = H 2 C 


It is therefore necessary to determine the molecular composition 
of the coke* 

1 kq coke - 1 kq coke I 0 ' 89 k 3 . P .W 1 L 

9 c 8 ! 9 c 1 kq coke A 12 kg”C 1 


Also, 


= 7.4 x 10" 2 kg-a..tom c 


1 kg coke * 1 kg coke (LLLLit) (U^Ui) 

kg coke 2 kg H 


= 5.0 x ID' 3 kg-mol H 


According to L the chemical reactions, the theoretical oxygen will 
equal —^ 
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1 kg-mol 0 2 j 0.5 kg-mol Cb 
^ kg-atom C ^2 _ "kg-mol ^ 

= 7.4 x 10 -2 kg-atom C { } k 9- mo1 .°2 ) + 

kg-atom C 


5.0 x 10- 3 kg-mol H 2 ’( 
= 7.7 x IE)" 2 kg-mol 0? 


0.5 kg-mol 
— kg-atom H 



2 


Finally, since air is 2U oxygen,, the theoretical air will equal 

f 100 kg-mol air ^ 
n air n o £ L Z1 kg-mol 0 2 


= 7.7 x 10' 2 kg-mol 


0 2 ( 


100 kg-mol air ^ 

21 kg-mol 0 2 


= 0.37 kg-mol air 

0.37 kg-mol or 370 mol of air are theoretically required to burn 
1 kg of coke with the stated analysis. 

EXAMPLE 2.4-2: If 10* excess air was supplied in the previous 
example, how many moles of air would be supplied per kg oi core. 

Solution: Rearrangement of Eq. (2.4-1) yields 


‘ moles in excess - I^gp^raoles theoretically required) 

10* excess air will then require the moles of excess air to be 
moles in excess = (0.1)(moles theoretically required) 

= (0.1)(370 mol air/kg coke) 

= 37 mol air/kg coke 

The total amount of air supplied must then be 

total air supplied (moles in excess) + (moles theoretically required) 


= 37 mol air/kg coke + 370 moles air/kg coke 


= 407 mol air/kg coke 























and energy balance calculations in metallurgical processes 


■ 600 s sb 2 s 3 ^ 34Q 8 g 9 SfagS 3 i 


= 296 g Fe 


. e there are only 250 grams of iron present, there will not be 
nrnh iron for complete reaction and-iron is the limiting 


enough 
reactant 


b) Complete reaction of the 250 grams or 4.46 moles of iron 
w ill require 4.46/3 or 1.48 moles of Sb 2 S 3 , However, 600 grams 
or' 1.76 moles of SI^S- 
be found from Eq. 


have been supplied. 
(2.4-1), 


The % excess can then 


% excess = (moles in excess) x 100 

(moles theoretically requiredY 


= 0,76 - 1.43) x 100 
1.48 


= 18,9% 


c) Although iron is the limiting reactant, not all of the 
iron reacts when only 200 grams or 1.64 moles of antimony are 
formed* From the stoichiometry of the reaction, it can be seen 
that the number of moles of iron which react equals 


n Fe 


= n 


Sb 


3 mo 1 Fe 1 


Z mol Sb 


= 1.64 mol Sb (1 m . p 1 .fi) 
Z mol Sb 


= 2.46 mol Fe 


If the fractional degree of completion is based on the amount of , 
iron converted to Fe5, 


Fraction of completion = 


moles Fe converted 


moles Fe supplied 


2.46 


4,48 


= 0.55 


d) 


The percentage conversion can be based upon the amou 
of Sb^S^ converted to Sb* As'shown earlier, only 1,64 moles 
Sb form, even though 3,54 moles of Sb are contained in the 1. 
moles Of Thprpfnrp . 


r t 


of 


UNiV 

r L? \J~C-. 


B I B l 
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% Conversion 


_ moles Sb produced y inri 
moles Sb supplied 


= 1 - 6 A X 100 
3.54 


= 46.3» 

e) It may be assumed that the selectivity of the conversion 
of Sb 2 S 3 is based on the theoretical amount that can be converted, 
1 .49 mole: 

selectivity = L|§ (100) = 55% 


f) The yield will be stated as kilograms of Sb formed per 
kilogram of Sb z S 3 that was fed to the reaction: 


yield 


0.200 kg Sb = 1 kg Sb 
0.600 kg Sb 2 S 3 3 kg Sb z S 3 


2.5 OXIDATION - REDUCTION REACTIONS 


Many metallurgical processes contain reactions in which the 
valence (charge) of the atoms, groups of atoms or ions involved 
in the reactions changes. These chemical reactions are cd e 
oxidation-reduction or redox reactions. They must be balanced . 
in the same manner as ordinary chemical equations. However, 
balancing is often more complex, as both conservation.if mass and 
nf electrons or charge must be maintained Several 
- definHions and sets of rule s-fSTbalanclng redox reactions 
follow. 


Oxidation is defined as a chemical change in which electrons 
are lost by an atom, group of atoms, or resulting 

more positive (or less negative) valence of at Aeast one react 
constituent. Reduction is a chemical change in ^ch electrons 
are added to an atom or group of atoms, resulting in a 
n^oative (or less positive) valence of the atom or at least one 

atom in the group. Oxidation and reduction always occur smult - 
neously and the number of electrons gained by the atom being 
reduced must equal the number of electron 

atoms bein, oxidized, i.e. electrons are conseraj. ™t c T.Me. 
common valences of the elements are shown on the periodic taDie. 

Figure 2,1*1. 

EXAMPLE 2.5-1: Copper cementation is^a Process 

present in an aqueous solution as Cu , solution by iron. 

-™——™ -j i d copper by replacement of tne topper in the 5 , 

te a balanced equation for this process, assuming that iron in 
N! ~ A sulJtTon has a charge of -2. Also, determine which.-element is . 
ARjA biing oxidized and whicli element is being reduced. 

Solution: The reaction for copper in solution going to solid 
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!£:... Cu 2+ (in aq. sol.) Cu (s) 

Th is reaction is balanced for copper atoms but not for charqe. 

Since the solid copper contains two more electrons (symbol e'l 
■ than the copper m solution, the completely balanced equation 
must be 

Cir T (in aq. sol.) + 2e" + Cu (s) 

On_the_ other hand, the reaction for the iron can be written as 
Fe (s) ■+ Fe^ ' (in aq. sol.) + Zs~ 

Adding both equations together and cancelling the 2e' which 
SoScSs S,,,eS ° f the S ” ,,e,dS the che " ,cal “Wion f»r 


Cu 2t (in aq. sol.) * Fe (s) * Cu (s) 4 - Fb z» (in aq. so!.) 

From the partial reactions, it is seen that copper is qainino 
electrons, i.e. its charge is becoming less positive Therefore 
copper is being reduced. Iron is givino up electrons i its 

oxidized! beC ° min9 mora pDsitl ‘ ve - Therefore, iron is’becoming 

the e}^nt f SIt in !l t bPfni I th % el T" t °£ compound that contains 
tne element that is being reduced is often called the oxidizinn 

a^ent. The element or compound that contains the element that " 

i being oxidized is often called a reducing agent 1TL *L 

VIous example, iron is the reducing agent and copper the oxidizing 

K“. 1s referred to any ch “ ,st ^ *>' 

To balance oxidation-reduction equations:t2) 

that c™M„“ t h dd “fi»„« at i" ClUdaS ttoae reacta " ts “ a P™ a «s 
the elements undergoing a change in valence. 

oxidiziia ! Tipnt t ! ,e / tiari9e in valence which some element in the 

equal to 9 this JhanSlf 5 ' J he number of electrons gained is 
change. ~ times the number of atoms undergoing the 

3 ) Determine the same for some element in the reducing agent. 

t!tll tl nJjbe? C 5f P r!^J pal f ? rmula b * such numbers as to make 
number of electrons lost by the reducing agent equal to 


2 + 


FuT to SC ""- ni Yn?i ! 7 S nHuUir 3 ^ 1einS ° f Col1p 9 e Dhemistry . Schaum 
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the number of electrons gained by the oxidizing agent 

5) 3y inspection Supply the proper coefficients for 
of the equation. 


the rest 


6 ) Check the final equation by counting the number of at n 
of each element on both sides of the equation. acorns^ , 

EXAMPLE 2.5-2: A possible process for removing some of the = w 
found in coal involves the oxidation of sulfur present in thp ur 

coal as pyrite (symbol FeS 2 ) with water and oxygen gas to form 
water-soluble FeS 04 and H 2 SQ 4 . Balance the process equation 
using the method outlined above. 

Solution: Step 1. The unbalanced process equation is 

FeS 2 (s) + H 2 0 (a) + 0 2 (g) ■+ Fe 2x (in aq. sol.) + l^O 4, (in aq. sol.) 

+ SO^ 3 " (in aq. sol.) 


Step 2. Oxygen, in the oxidizing agent oxygen gas, goes 
from zero charge to -2 in the SD 4 2 “ ions. Thus, four electrons 
must be gained per mole of oxygen gas. 

Step 3. Sulfur is oxidized from a charge of -1 to + 6 , Con¬ 
sequently, fourteen electrons must be given up bv sulfur per mole 
of FeS r 

Step 4. In order to equate the number of electrons given up 
by sulfur in FeS^ with the number gained by oxygen, there must 
be 14/4 or 3.5 moles of oxygen gas reacting for each mole of Fe $2 
reacting. Thus, the partially balanced process equation is 

FeS^fs) + H^O (sl) + 3.5 O^tg) Fe ?+ {in aq, sol.) + 

(in aq. sol.) + SO^" (in aq. sol,) 

Step 5, Balancing H atoms and S atoms yields the balanced 
process equation; 

FeS 2 (s) + HgO{ a) + 3.5 02 (g) + Fe^ + (in aq. sol,) + 2^0* 

(in aq, sol/) + 250^' (in aq. sol.) 

Step 6 , There are 1 Fe* 2 S, 2H and 8 0 atoms on both sides 
of the balanced equation. 

An alternative' approach to the balancing of redox reactions 
involves the gram-equivalent, as discussed in section 1.5. The 
gram-equivalent or gram equivalent weight of an oxidizing or 
reducint agent for a particular reaction is equal tt? the formula 
weight of the agent divided by the absolute value of the change ' 
in valence of the agent during the reaction; 
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gHaS 


gram-equivalent = Formu1a wel '3 ht 
y ^ change in valence 


( 2 . 5 - 1 : 


^The gram^equi valent is thus determined so that equal- numbers of 
jp(tram-equivalents of oxidizing and reducing agents combine exact 
one another during a balanced redox reaction, 

fp-EXAMPLE 2.5-3: How many gram-equivalents are contained in one 
iVfnnle of iron when ferric ions (symbol Fe 3+ ) are used as an oxi- 


ctly 


’ dTzing agent according to the reacti 


on 


Fe 3+ + e" 


Fe 


2+ 


■ Solution: According to Eq. (2.5-1), 


gram-equivalent = F o r rn u la weight 


change in valence 


56 q 

( + 2) - (+3)" 

- 

I 

* 56g 

56 grams of iron equals one mole of iron, or one mole of iron 
equals one gram-equivalent of iron, for this reacti on . 

EXAMPLE 2.5-4: Balance the equation 

K 2 Cr 2 07 + H 2 S + H 2 S0 4 -+ Cr 2 (SG 4 ] 3 + K 2 SQ 4 + S + H 2 0 

by balancing the gram-equivalents of the oxidizing agent and the 
reducing agent. 


Solution: In KpCr^Gy, Cr has a charge of + 6 . In Crn(S0 4 ) 3 , Cr 
has a charge of +3. Thus, one gram-equivalent of K 2 Cr 2 0 y will 


1 gram-equivalent K 2 Cr 2 0y * 


MWjy „ rt 

2 ( + 3 ) - 2 (+ 6 | 


_ 29£c 

6 


= 49 g 

Sulfur in H 2 S ha's a charge of -2, while as 5 it. has a charge of 0; 
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1 gram-equivalent of 5 


W H 2 5 

0^F2) 



= 17g 


Finally, one mole, or six gram-equivalents, of & 2 Cr 2 07 must com¬ 
bine with six gram-equivalents of H 2 S, 102g or 3 moles of H 2 S, 
Therefore, K 2 Cr 2 07 + 3H 2 S + H 2 504 + Cr 2 ($ 04)3 + K 2 SO 4 + S + H 2 0 

To finish balancing this equation, 50^" groups, H, S, and 0 
atoms are balanced to yield 


K 2 Cr 2 0 7 + 3H 2 $ + 4H 2 S0 4 + Cr 2 ($ 0 4 )3 + K 2 50 4 + 35 + 7H Z G 


2.6 SUMMARY 



The masses of atoms are measured on the Atomic Mass Scale 
with Carbon-12 being taken as the reference point. Carbon-12 has 
been assigned a mass of 12.0000 a.m.u,, and the masses of the 
other atoms are fixed relative to this value. The mass of a^ 
single molecule of a compound equals the sum ot the masses ot the 
atoms which make up the molecule. The formula weight is equal 
to the sum of the masses of the atoms in the empirical formula 
which represents the compound. The relationship between the 
masses of elements in a compound and the total mass 01 a compound 
are thus clearly defined. 

The chemical equation is used to represent the relationship 
between the number of moles (or the masses) of the reactants anc 
the products that participate in a chemical reaction. For a 
given reaction, the number-of moles (or the mass of any element 
in the reactants must equal the number of moles (mass) or tha. 
element in the product, i.e. mass is neither created nor destroy j. 
Chemical reactions that involved the change of valence o< atoms 
in some of the reacting species are called oxidation-reduction 
reactions. Conservation of mass and charge (electrons) musu ue 
obeyed to have a balanced equation. The balanced chemical reac '“ ,,J 
specifies the theoretical or stoichiometric amount of produc s 
that can be obtained from a given amount ot reactants. 

Most gases in metallurgical processes can be considered to 
be ideal. For ideal gases, one mole of gas occupies 2ZA x !U 
at 273K and 101.3 kPa (1 atm). Ideal gases also obey tne idea, 
gas law and the partial pressures or volumes of the components 
in an ideal gas law and the partial pressures or volumes of the 
components in an ideal gas mixture can be added to get ^ . 

pressure or volume of the mi xtore. For ideal, gases , 1 

percentage exactly equals the molecular percentage. 
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Exercises 

2*1 A natural gas contains 60.7% CH 4 , 29*03% H?, 7.92% C^Hc 0 qr* 
C 2 H 4 , 0.78% 0 2 , 0.58% CO d bl 

Find''(a) Volume of air necessary to completely burn it 
7 (b) Volume of products of combustion 

both relative to one volume of gas and at the same tempera¬ 
ture and pressure* 

2.2 An annealing furnace uses a fuel oil containing 16.4% H and 
83.6% C, It is proposed to fire this furnace with 25% excess 
air. Calculate the flue gas analysis, assuming complete 
combustion* Re-peat the calculation assuming that 5% of the 
total carbon Is burnt to CO only. 

2.3 If pure is burned completely with. 32% excess air, what Is 
the Orsat analysis of the product gas? 

2.4 A pyrite ore is reduced with hydrogen. The ore contains 10 % 
of solid inerts (gangue). Twenty percent excess Ho is used/ 
and the cinder (solid residue) remaining contains 5% FeS^ by 
weight. 

FeS^+ 2 H 2 -+■ Fe + 28^5 

On the basis of 10G lb of ore charged, calculate the volume 
of furnace gases at 400°C and 1 atm. (ft 3 ). 

2.5 A natural gas has the following composition by volume: 

CH 4 = 94.1%, C 2 H 6 = 3.0%, H z =2.9% 

At a temperature of 80°F and at a pressure of 50 psia, 
calculate: 

'(a) the partial pressure of the nitrogen (psia) 

(b) the volume of the nitrogen component per 100 cu. ft. 
of gas (ft 3 ) 

(c) the density of the gas in kg/m 3 at the existing 
condi tions. 

You may assume that the ideal gas law is applicable. 

2.6 A zinc retort is charged with 70 kg of roasted zinc concen- . 
trates containing 45% Zn, present as 2n0. -Reduction takes 
place according to the reaction 

ZnO + C = Zn + CO 

One-fifth of the ZnO remains unreduced* The zinc vapor and 
- CO pass into a condenser, from which the CO escapes and burns 

























i 
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to C0 Z a3 it emerges from the mouth of the condenser 
CO enters the condenser at 300°C and 700mm Hg ores.,,; he 

Calculate: p sure - 

(a) The volume of CO in cubic meters entorinn *u 
measured at (1) standard editions X)?' 
conditions at actual 

■(b) The weight of CO, in kilograms 

(Cj Sd “ Z f0rmi Whe " the “ b “™. >t 750»c 

7 An anthracite coal contains 89% Carbon, 32 Hyd-ooen K 
Oxygen and 72 Ash. It is burned using 15 per i’ . 
than is theoretically needed for its perfect rnmK 1 f? re 31 r 
ashes 'weigh 10 kg pel 100 kg of cm? SSrnlS C °" bl,stlM ' 

Calculate; 

(1) The volume of air (assumed dry and at standard conditions) 

used per kg of coal burned. ' 

(2) The number of cubic feet of air per pound of coal 

(3) The percentage composition (by volume, of course) of 
the gas, assuming it contains no soot or unburned gas. 

(4) The percentage composition of the same, if first dried 
and then analyzed. 

(5) The number of grams of moisture carried per cubic 
meter of dried gas measured. 

(6) The number of gratis per cubic foot. 

(7) The volume of the chimney gases, at standard conditions, 
(water assumed uncondensed) per kg of coal burned. 

(8) The number of cubic feet of products per pound of coal. 

(9 ^ I™ V °,! unie 0f the products in cubic meters at 350 D C and 
/uufmn Hg pressure. 

O0) The .volume of the products in cubic feet at C00°F and 
in of water pressure, 

A bituminous coal contains: 


Carbon 
Hydrogen 
Hitrogen 
Sul ph.ur 


73*60 w/o 
7.30 

1.70 

0.75 


Oxygen 

Moisture 

Ash 


10.00 

0*60 

8.05 

100 * 00 


It^is powdpred and blown 'into a cement kiln by a blast of 
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Calculate * 


( 1 ) 


The volume of dry air, at 80°F a and 29 inches ha 
pressure theoretically required for the perfect 
bustion of one pound of the coal. 


rometri c 
com- 


(2) The volume of the products of combustion, usinq no 
excess of air, at 550 C F and 29 inches barometric pres 
sure and their percentage composition. 


A limestone is analyzes as CaC0 3 (93.12 wtS); MgCO-a (5 38 wtsn. 
and insoluble matter (1*50 wtX). 3 M 5 


(a) How many kilograms of calcium oxide could be obtained 
from 5 tons of the limestone? 

(eff flow Tnany kilograms of carbon dioxide are given off per 
pound of this limestone? 


2.10 Pyrolusite \ KnQ 2 ) is dissolved in hydrochloric acid by the 
reaction 


Mn0 2 + 4HC1 ■+ ttnCl-2 + 2H 2 Q + Ci 2 

The chlorine was passed into potassium iodide solution where 
it liberated iodine: 


Cl 2 + 2KI ■+ 2KC1 + l 2 

The iodine liberate was estimated by adding sodium thiosulfate; 
the reaction being 

I 2 4 2Ha 2 S20 3 -* 2NaI + Na 2 $ 4 0 6 

If 5,6 grams of crystallized sodium thiosulfate, Na 2 S 2 03 -5H 2 G 3 
were used up, how many grams of manganese were present? 

2,11 How many moles of Fe 2 G 3 would 5e formed by the action of 
oxygen on one kilogram of iron? 

2*12 Wire silver weighing 3,48 grams was dissolved in nitric acid. 
What weight of silver nitrate was formed? 

2,13 Iron pyrites, FeS 2 * is burned in air to obtain S0 2 according 
to the equation: 

4Fe$ z + 110 2 -* 2Fe 2 0 3 +'8S0 2 

How many liters of S0 2 , measured at 300°C and 740mm of Hg, 
could be obtained from 100 liters of oxygen at standard 
condi tions? 
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2^4 Balance the equation; 

Cu+ H 2 ^0^ ^ CuSQ^ + SO 2 + H 2 O 

(a) H-Ow many grams of copper sulfate would be"~ formed for 
each mole of copper reacting? 

(b) How many grams of Cu would be required to produce ]00c 
of copper sulfate? 

(c) How many moles of 50^ would be found for each mole of 
acid reacting? 

(d) How many grams of water would be formed for each mole 
of Cu sulfate formed? 


CHAPTER 3 


SAMPLING AND MEASUREMENTS 


3,0 INTRODUCTION 

The preparation of material and energy balances is done f 
a variety of reasons and at various stages in the life of a ° r 
process or plant. At the design stage, various assumptions con¬ 
cerning efficiency of reaction, heat loss rates, etc. are mad* and 
theoretical balances computed for purposes of establishing process 
flow rates, temperatures, efficiencies, equipment sizes and so on 
The resulting balances are exact. All equations are satisfied 
precisely, . Sensitivity studies (how sensitive the conclusions are 
to the various assumptions made including assumed values of 
variables) may be made at the same time. 

On the other hand, once a plant or process is built and 
operating, it is usually desirable to determine its performance 
for either control or accounting purposes by making material and/ 
or energy balances on the real system. This involves measuring 
flow rates, chemical compositions, temperatures and the like and 
then determining the balances. In this situation, however the 
results rely on samples from heterogeneous materials, indirect 
measurements or calculations of flow rates, temperature measure¬ 
ments under extreme environmental situations, and often difficult, 
tedious chemical analyses, all of which have some degree of error 
associated with them. Therefore, the construction of actual 
balances often involves considerable uncertainty in the results. 
When it comes to trace elements, for instance, this uncertainty 
can be very large, rendering meaningful conclusions almost impos¬ 
sible to obtain. 

In this Chapter the range of accuracy and sensitivity that 
can reasonably be expected from various measurement techniques 
utilized in the determination of actual metallurgical material 
and energy balances is examined. No attempt will be made to 
explain in detail how each instrument or technique works but 
references to such descriptions are provided. 


3,1 THE IMPORTANCE OF ERRORS AND ERROR DESCRIPTION 

Errors in measurements interact with each other and propa¬ 
gate through the development of a material or energy balance in 
various ways. The first problem is to define the error in a single 
measurement or value used. 


The error of a measurement is the difference between the 
observed value and the true value of the dimension or quantity of 
interest. If the error is small compared to the magnitude of the 
measured quantity, the measurement is sand to be accurate . For 
example, if the error in chemical analysis of Ni in stainless steel 
is +C.05£, but the magnitude is 9.0%, the analysis is reasonably 
accurate. On the other hand, suppose the error in the chemical 
analysis of in steel is +0.2 ppm when the magnitude is on the 
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jHe true value of a measured quantity is generally unknown. 

■j ce the mean, x, of a series of determinations is used to 
describe the true value, where 


(3.1-1) 


The differences between observed values, x-, and the mean of the 
observed values, S, are referred to as residuals, dj, 

d i = x i ' * (3.1-2) 

If the residuals are small compared to the magnitude of the 
measured quantity, meaning that all the values are near x, the 
#rneasurement is said to be precise . (The precision of a measurement 
method or instrument is often reported by manufacturers}. However, 
x may still not be the true value, and so precise measurement is 
not necessarily accurate measurement , as shown in Fig, 3.1-1. 

Small residuals occur more often than large ones, and usually 
the error distribution may be adequately represented by the Gaus¬ 
sian or normal distribution function as in Fig. 3.1-2, 

Same 



i = n 

E *i 
= _ 1 = 1 


x = 


SAME ACCURACY . 
DIFFERENT PRECISION 


SAME PRECISION . 
DIFFERENT ACCURACY 


Figure- 3.1-1 Comparison of precision and accuracy. 
v is the mean. 
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Figure 3.1-2 Typical Gaussian distribution of values. 


if the true mean (or mode) is denoted by m (which is a theo¬ 
retical value approached by x when a large number of samples are 
taken and which is approximated by x), the normal distribution is 
represented by 





y 
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\- 


/-(x-u) £ 

ex p| - y 


2 o 1- 


f(x) 


/2 IT 


< x < + 


(3.1-3) 


The spread in the curve is governed by the value of c . 

& Tf]e standard deviation of a group of measurements, called a 
sa^P^* s* ^ value calculated from experiments ; 


s - 



(3.1-4) 


s approaches o in the limit of a large number of measurements 

f ll„lT ,alues x and s are therefore used .TStSSU, =f 

n °™ al distribution is more easily represented in a 
standardized form. Define a new variable: 


t X - \i 
[ u 

Eq.- (3.1-3) is then transformed into 


z= (if*) - 


z 2 

<?"> 


fU) = 


45 


(3.1-5) 


(3.1-6) 


mallv t wifh Cl mIl riltl 0 n j 1 ' f x ’ s a random variable distributed nor- 
S K st ^ d r d Aviation a. z is distributed nor- 

y> with its mean equal to zero and a 2 equal to one. 

In this form, the total area under the curve in Fig. 3 . 1-3 is 


r 


)dz = 1 


(3.1-7) 


and the shaded area is 


r f(z)dz = a 


(3.1-8) 
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f(z) 



Figure 3.1-3 Normal distribution curve 

where z a is the value of z corresponding to some fraction, a, of 
the total area outside of the given value of z. Table 3,1-1 
gives values of z which correspond to various values of a. 

Note that when 2 =0, a = 0-5, or half the area under the 
curve, and when z - 1 (corresponding to (x - y) = a), a = 0,1587. 

If we want to know what fraction of the area is outsi de of both 
the limits x - a and x + a, i.e., plus or minus one standard 
deviation, it is 2(0.1587) or 0.3174. Since the total area is 
1 , 000 * the area under the curve within the limits +g {or +s) is 
0.6826, or, 68.3% of all x values lie within +o (-+s)* 

Sometimes reference is made to the probable error , p. This 
corresponds to the limits about x such that 50% of the population 
of x values are within those limits, corresponding to the situation 
where a = 0,25. Referring to Table 3.1-1, when a = 0,25, z lies 
between 0*6 and 0*7, more specifically between' 0*67 and 0.68. By 
interpolation, z a - 0,6745. Since 


z t ^ = 0.6745, ' (3.1-9) 

p = + (x - x) - 0.6745 s (3.1-10) 

EXAMPLE 3.1-2: Analysis of samples of an ore give the following 
values: 0*81, 0,72, 0.87, 0.61, 0,83, 0,94, 0.91, 0.77, 0,84, and 
0*88* What are the mean, standard deviation and probable error 
of these data? 

Solution: 


10 

E 

1 


10 


= ^ 0.818 or 0.82 


x = 
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Erl 1 


10 


l Cx-j - 0.82) 2 = 0.0858 


-V 


°' - °g 5 - = 0 . 0976 , or 0.098 


p = (0,6745)(0.0976) - 0.0658 s or 0,066 


Table 3.1-1 Values of a, the area under the Normal Curve from Z 

tO “n a 


1 

a 

.00 

.01 

.02 

,03 ■ 

.04 

.05 

.06 

.07 

.OH 

.09 

0.0 

.5000 

.4960 

.4920 

.4SSO 


.4.501 

,4761 

.4721 

,4usl 

4+t | j 

O.l 

.4502 

.4562 

.4522 

.4403 

-4443 

.4404 

.4354 

.4325 

.4 2x6 

.4217 

0.2 

.4207 

.43GS 

.4129 

.4090 

.4052 

.4013 

.3974 



J ^5 g 

0.3 

.3S2i 

.3733 

,3745 

.3707 


.3632 

.3594 

-35,57 

.1LV2Q i 

.31 S3 

0.4 

.3446 

.3409 

.3372 

.333G 

.3300 

.3204 

.3223 

.3)92 

.3156 

,3121 

0.5 

.3085 

.3050 

.3015 

.2081 

.2940 

.2912 

,2877 

.2343 

.2S1C 

.3775 

O.G 

22743 

.2709 

.2076 

.2613 

.2611 

.257 S 

,2546 

.25 1 L 

52453 

.3 15 ] 

0.7 

,2420 

,2350 

.2358 

.2327 

.229G 

.2206 

223G 

.2206 

.2177 

,21 15 

OS 

.2119 

.2000 

.206) 

.2013 

.2005 

.1977 

► 1019 

.1922 

.1891 

, |vp7 

0,9 


.1814 

J78S 

.1762 

.173G ; 

.1711 

► 1685 

► 1600 

.1635 

.1611 

1.0 

. 15S7 

.1502 

.1539 

,1515 

.1492 

,1469 

,1446 

,1423 

,nm 

.1379 

U 

,1357 

,1335 

.1314 

.1292 

.1271 

.1251 

.1230 

,1210 

■ II'H) 

.1170 

1.2 

.1151 

.1131 

.1112 

.1003 

.1075 

.1056 

.1033 

.1020 

.1003 

.fr.isG 

1.3 

-09GS 

.0951 

.0034 

.0918 

,0901 

,0885 

.0*69 

.0853 

■fKW 

.0823 

1.4 

.OSDS 

.0793 

077S ' 

.0764 

.0749 j 

.0735 

►0721 

,0703 


►0681 

1.5 

.0663 

.0055 

,0043 

,0630 

.0018 

.0606 

►0594 

.05S2 

.0571 

.0559 

LG 

.0513 

,0537 

.G52G 

.0510 

.0505 

►0495 

.0185 

.0475 

,0105 

.0155 

1.7 

,0440 

.0436 

.0427 

.0418 

.0409 

.0401 

,0392 

.0284 

.0375 

.0.947 

IS 

.0359 

.0351 

.0344 

.0330 

.0329 

.0322 

.0314 

,0307 

.0101 

-0204 

1.9 

.0287 

.0281 

.0274 

.0268 

.0262 

.0256 

.0250 

,0244 

,02'fJ 

.0233 

2.0 

.0223 

.0222 

.0217 

,0212 

.0207 

,0202 

,0197 

.0192 

.QlWt 

01 ^1 

2.! 

.0179 

.0174 

■01 "d 

.0166 

,0162 

.0158 ; 

.0154 

.0150 

.0146 

■Qi n 

2.2 

.0139 

■DUG 

20132 

.0129 

.0123 

,0122 

.0119 

.0116 

.0113 

.0110 

2.3 

.0107 

.0104 

.0102 

.00990 

,00904 

►00939 

.00914 

.00*59 

.00866 

.0O-M2 

2.4 

►0GS20 

.0070S 

.00776 

.00755 

.00734 

.00714 

.00G95 

.00676 

.00057 

.00639 

2.S 

.00621 

,00004 

.0O5S7 

.00570 

,00554 

.00539 

.00523 

.0050S 

.00 191 

.no iso 

2.6 

,00456 

.00153 

.00410 

.00427 

.00415 

.00402 

►00391 

.00379 


.00357 

2.7 

.00347 

.00336 

.03326 

,00317 

.00307 

.0029$ 

,00239 

■0O2S0 

.00272 

.00261 

2.S 

,00256 

.0024S 

.00240 

,00233 

.00226 

,00219 

.00212 

.00205 

.00190 

■00193 

S.9 

.001S7 

.00161 

.001 73-j 

.00169 

.00164 

,00159 

■0OI31 

.00149 

,00141 

►0O139 


l 

.0 

,1 

22 

.3 

.4 

,5 

.G 

.7 

♦8 

.9 

% 

4 

5 

6 

,001 £5 
.0*317 
.0*257 
.0*957 

.o j pc?;. 

■0*207 
■0*170 
►0 ’530 

. 0 * 65 ? 

.9*133 

,omo6 

.0'2S2 

.OMS3 

ms* 

.D r 579 

,0*140 

.0 , 337 
►0*54 E 
,0*333 
,0 J *777 

,0*233 

.0*340 

.0 T l90 

.U L MQ2 

.0*139 
.0 S 2] 1 
-QM07 
.0 1B 2OG 

.D'lOS 

.0*130 

,0*590 

.0 ,C I04 

.0*723 
-0*793 
►0*332 
.0 11 523 

.0*451 

.in 79 

.0*152 

,O"260 
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3. 2 PROPAGATION OF EXPERIMENTAL ERRORS 


A final result in the determination of material and energy 
balances is always obtained by combining the results of different 
kinds of measurements 5 such as weights, chemical analyses, etc. 

The accuracy of any final result is influenced by the accuracy of 
the measurements of the several quantities involved. If it 
happens that one of the quantities involved is subject to a much 
greater error than the'others, it will have the preponderant 
effect in determining the accuracy of the final result. If, 
however, the relative errors in the.various measured quantities are 
of the same order of magnitude, the errors introduced by all the 
measured quantities must be considered. In trying to improve the 
accuracy of a given determination it is important to emphasize 
improvement of the least accurate measurement. 

3.2.1 PROPAGATION OF MAXIMUM ERRORS 


A simple and useful method for calculating the error in a 
final resul t Is to calculate the maximum error which would be ^ 
obtained if the errors in all the measured quantities had their 
maximum values and were in such directions that all arfected the 
final result in the same direction. It is unlikely that the 
errors will combine in this way, as there is usually some compen¬ 
sation of errors, but it is useful to know the maximum value an 
error could have in an unfavorable case. When the errors are^ 
small (say a few per cent), the following methods based on dif¬ 
ferential calculus are convenient. 


Addition and Subtraction . If a final result u is the sum of 
measured quantities x and y 


u = x + y 
du - dx + dy 

and in terms of finite increments, 

AU s AX + Ay 


(3.2-1) 
(3,2-2) 

(3.2-3) 


thus, if the error in measuring x is Ax and the error in measuring 
y is Ay, the maximum error in u is Ax + Ay. 

EXAMPLE 3,2-1: A blend of raw materials is being made by mixing 
coke breeze and iron ore. The coke feeder wei ghs the .feed rae 
to within +2% and is reported to be feeding at 7 kg/mm and the 
ore feeder is said to be accurate to within +3 a ru ^[ l 

150 kg/mi n. What is the mass flow rate of the resulting blend. 


Solution: 


The error in coke weight = + (0.02) (7.) 
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The error in ore weight - (0.03) (150/ 

=+4.5 kg/min 


/ 


Therefore, since the 


mass of blend 


- mass of ore + mass of coke 
* 150, + 7 

- 157. kg/min 
= A(ore) + A(coke) 

= +_ 0J4 + 4.5 

“ ± 4.64 

the mass flow of the blend is 157. + 4.6 kg/min. 


and 


A (blend) 


Since the maximum error in a case where u = x - y will occur 
when Ay is of opposite sign, Au = ax - (-Ay) also applies in this 

situation, so that stated in words, the rule is: The maximum 

error in a sum or difference is equal to the sum of the absolute 

values of the maximum errors in the measured quantities being 

added or subtracted. 


■ Multiplication and Division . If a final result u is the product 
of two measured quantities x and y 


u - xy 

du - xdy + ydx 


du _ dy + dx 
u y x 


(3.2-4) 

(3.2-5) 

(3.2-6) 


If the errors in x and y are small, the error an in u may be cal¬ 
culated from Eq. (3.2-7), which also applies if g = x/y. 


flu _ &x + ay 
u' x y 


(3,2-7). 


Furthermore, in the case of calculations involving multi- 
P uation and division, it is convenient to talk about errors in 
terms of percentage errors, and Eq. (3.2-7) may be written as 


^ 100 = ^ 100 + 100 


(3.2-8) 


produrtTr W ° ra ^' th e _ rul e is: The maximum percentage error in a 
in theLneasurertf^ ]L? qua1 3° the EU[rl 9-f the pe rcentage errors 

Percentage errorr^ ^li. ™ S ^ iS accurate "hen the 
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EXAMPLE 3.2-2: The volume flow rate of CO? in a 
equal to the product of total gas flow times the 
the gas: 


(XC0 2 ) 

V C0 2 = V GAS'-|00— 


gas s tream i s 
Percent C0 2 in 


If the flow of gas, Vgg S , is 1400 + 70 m 3 /min, and 
of the gas is 9.1 + 1.8£, what is the best estimate 


the anal 

of v co 2 


ysis 

? 


Solution: 



(1400)(.091 ) = 127.4 m 3 /min 


But, 


a l v co 2 > 
~TFjT 


= A + 

1400 


1.8 

9.1 




“ 0.248 


Therefore, a(V C q ) = (0.248)(127.4} = 31,6 m^/min 
2 

and, the value of V C q is 127.4 + 31.6 for an error of 24.82, 

This same result would have been obtained if the percentage 
errors in each measurement had been added: 


% error in total flow = x 100 = 5.0% 

1400 


% error in analysis 


= — x 100 = 19.8% 
9.1 - 


% error i n C0-, flow 


24.8% 


3.2.2 PROPAGATION OF PROBABLE ERRORS 


The probable error in a final result may be calculated if 
the probable errors in the various measured quantities are known 
Such a calculation is a little more complicated than the calcu¬ 
lation of the maximum error. If u is a function of the indepen¬ 
dent variables, x, y, z the probable error p in u is 


/,3U'f 2 , au f 

■ P* + (ty) 


2 

P y + (3z 


P 2 + 
v z 


■ (3.2-9) 


where is the probable error in x, etc.' 

EXAMPLE 3,2-3: The volume of a hemispherical slag pot is given 
by V = (2/3)Trr 3 where r is the radius of the hemisphere. If the 
average of several determinations of the radius is- 1.21 m and 
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ffi-" J - _robable error in the determination of the radius is + 0,01 m 9 
t tn icuUte the probable error in the volume. 


Solution: 



p - + 2irr 2 p r = + 2n{1.21) Z 0.01 * + 0,09m 3 

so that the calculated volume should be written 3,71 +_ 0,09m 3 , 
or 3.7 +; 0,1m , 

Eq. (3,2-9) may be used to show that the probable error of 
the sum or difference of two quantities A and B, respect! ve ly, 
affected with probable errors + p a and + is 


■4 


p l + p b 


(3.2-10} 


In the case of a multiplication, the probable error of the 
product of two quantities A and B is 


=±y (Ap b ) 2 + 


(Bp, 


(3.2-11) 


The probable error of the quotient B/A of two quantities A 
and B is 




(3,2-12) 


The effect of errors on large material and energy balances 
is .not so easily determined because of the complexity of inter¬ 
actions of the errors. The final errors in such balances often 
can only be found by an analysis of the sensitivity of the results 
to the values used for individual parameters in the equations. 

3*2,3 SIGNIFICANT FIGURES 

The number of figures in any value is never exact, for the 
measurement by comparison with a standard unit is only as accurate 
as the measuring device. For example, when measuring the length 
o an object with a ruler which has divisions of 1mm, it is pos- 
1 e To measure the. length to within 1mm correctly and to e$ti¬ 
le ^ The ^ eri 9 Th to within 0,1mm. Thus, if the measurement of 

was 136.1 mm, all of the numbers in the measurement would 
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have significance. If the length was reported as 136,1352 mm, 
the last three digits would not have any significance. These’ 
numbers cannot be measured on this ruler with any accuracy, and 
consequently, must be a guess. Therefore 3 the digits which can 
be measured with certainty and the first (and first only) doubt¬ 
ful digit are called the significant figures of a number. The 
larger the number of significant figures, the more accurate is 
the measurement. 


Zeroes are the source of some problems wi th respect to 
significant figures. Zeroes that only precede^a number are not 
part of the significant figures . Examples would be G.13, 0.013, 
etc. Zeroes that only follow a number may have significance in 
two cases. If they are contained in a decimal portion of a num¬ 
ber, such as 3,70; the implication is that the number has signifi¬ 
cance to the level of the zero. In this case^the first doubtful 
digit (and therefore the last one in the significant figure) is 
at the 0,01 level. Had the number been written 3,700, the impli¬ 
cation is that there are four significant figures, that the first 
zero is a definite value, and that the second zero is the first 
doubtful one. Therefore it is clear that care mus l be taken not 
to "tack on" extra zeroes when they are not significant. 

'"The other condition under which zeroes that follow a number 
may be part of the significant figure is when they precede a 
decimal point. Unfortunately there is often no way to tell whether 
they are simply setting the decimal point or whether they are sig¬ 
nificant, For example, 9100 is the same as 9100, . In the latter 
case the implication is that there are four significant figures, 
but it is still ambiguous. The ambiguity is always removed by 
the use of exponential notation, Writing the number 9.1 x 10 
clearly indicates that there are two significant figures. Writing 
- i t as 9,100 x IQ 3 clearly signifies four significant figures. 


EXAMPLE 3,2-3: Determine the number of significant figures in 
a) 0,091, b) 0,910, c) 9.1, d) 910, e) 910., f) 910.005, g) 910.0. 


Solution: a) Two. The zero before the numbers is not signi¬ 
ficant. 


b) 


Three. The zero before the decimal is not.signi¬ 
ficant, but the zero following the number is. 


c) Two. 

d) Ambiguous. If written 9.1 x 10 2 , the answer would 
be two. If 9.10 x I0 Z the answer would be three. 

e} Three, The zero preceeds the decimal point. 

f) Six. The zeroes are all significant since they 
either preceed a decimal point or are part ot the 
decimal portion of the number. 


g) 


Four, 


The zeroes 


m a r- +■ 


n r -Hn d 


again either precede 
ripHfnal nart of the 


a decimal or 
number. 


















' n u 


MpBW 1 






Iff when carrying out arithmetic calculations, it is best to re 
S+ a in one digit beyond the least significant figure i n each number 
iand carry out the calculations using that digit in order to ensure 
SS a t the least significant figure in the final answer is rot 
Pattered* This figure is obtained by rounding only the final 
. answer, ihe for rounding off are simple: starting with the 

* digit on the far right, if greater than or eoual to five remove 

1 the digit and increase the digit to its iimmediate left by one If 

;• less than five, remove the digit, 3 ’ 1T 

■ EXAMPLE 3.3-4: Round off 0.09135346 to three significant figures. 

Solution: Step 1) The digit on the far right (7) is greater than 
5. Increase the digit to the left by one and 
drop the 6. The number is now 0.091 353 s 
pte. ' ’ 

Step 2) The digit at the far right is now 5. Increase 
t. next digit by one and droo the 5 The 

r .i number is now 0.091354. 

Step 3) The far right digit is now less than S, so 
drop it. Now the number is 0.09135. 

Step 4) Since the right-hand digit is now 5, increase 
th- next digit by one and drop the 5 The 
number is thus 0.0914 and this number’ has 

2 - three significant figures, since the zero only 

precedes the number, " 

EXAMPLE 3,3-5: Evaluate the expression 

(43. + 390. - 100.1J/18. + (36. x 3.0]/3.0 

pression," (4*3.0°"+ llll -° 1 S?10}/ 1 aTo^"U6.oS)Jsfoo 
. Evaluate Step-by-step. 

Step 1: 43.0 + 390.0 = 433.0 
Step 2: 433.0 - 100.10 = 329.90 
Step 3: 329-.90/18,0 = 18.3277 
Step 4: 36.0 x 3.0 = 103.0 
5te P 5: 108.0/3.00 = 36.00 
Step 6: 18.3277 + 36.00 = 54.3277 

° f s Wnifica„t figures i„ 

’ wntcn is two. The answer is 54. 

EXAMPLE 3ifi. a, 

.. ' S vera & three numbers; 23.05, 23.07 and 23.07. 

Sol ution: The average is 69.19/3 = 23.06333. ' 
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If the number is to be used in further calculations it 
should be rounded to one more than the least number of siani f-iran* 
tigures in the initial set, or five figures* i.e., 23,063" if 1 
nof s it should be rounded to 23,06. Note that the 3 in the 
denominator is really 3,0000000 because one is dividing bv 

exactly. 3, the number of numbers in the original set. Thus',' the 
least number of significant figures is in the numbers themselves. 

3.3 SAMPLING METHODS AND PROCEDURES 


Samples of solid* liquid, gas and two-phase process streams 
must be obtained in order to make real material balances. The 
precision of a sampling result clearly depends on the number of 
samples taken. Its accuracy also depends on the sampling proce¬ 
dure.^ If the phase or material being sampled is homogeneous (well- 
mixed}* a single or very few samples may be adequate to achieve 
an accurate result, 'On the other hand, even a liquid phase such 
as a slag may not be well-mixed, thus, requiring more extensive 
sampling to improve the accuracy of their reported analyses. 


3.3,1 SAMPLING GRANULAR SOLIDS 


Granular solids and lump ores present the largest problems 
in sampling and require the use of carefully designed sampling 
plans or'procedures. The size of sample required depends on (li¬ 
the particle size of the material and ( 2 ) on the variability of 
the characteristic of interest from one particle to another. 
Because this variability may also, defend on (3) the microstructure 
of the material, eq. * whether tftfu^Ble mineral grains are uni¬ 
formly distributed, finely disseminated or coarsely disseminated 
within a given particle, theoretical prediction of the required 
sample size is essentially impossible. Therefore, what has been 
done over the years is to develop procedures and methods based on 
experience for various materials. 


The earliest published recorranended sample weights were 
based on tables which utilized the relation 

W = kD a (3.3-1) 

where W is the sample weight required, D is the maximum (top) 
particle size in the sample, k is a constant depending on the 
material* and a is a constant, usually taken as 2 * but increased 
to 3 when increased safety factor in the result is desired. The 
problem with this approach is that there is no way to predict k, 
which depends on the particular, ore or granular solid. However, 
if the weight of a sample%e¥metf^adequate for a given material at 
one top size is known , then the sample weight of the same material, 
necessary at a different top size, can be estimated. 

EXAMPLE 3,3-1: A copper, ore..is known to give a satisfactory 100 gm 
sample when the ore is crus'hea and ground to a top size of 1 mm. 
What size sample would be required if it was desired to sample 
the ore at the output from a crusher set at 12 mn opening? 

Solution: Since W (- TOO gm) corresponding to a size D (- 1 mrn ' 1 
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if it is assumed that- a = 2 * k can be calculated. 


;-| S known, 


k - ™. i 


00 gm/mri^ 


Then, for the proposed top size of 12 mm, 

W = ( 100 )( 12) 2 gm 

- 14,4 kg 

If a large pile, or a $tream,is being sampled in order to 
obtain a composite sample for subsequent analysis, the probable 
error or the standard deviation about thefWan analysis for an n 
cut composite sample, P n or a Q , is the same as the probable error 
for a single cut, a or p, divided by /n. Thus, the number of 
individual cuts or samples needed to make a composite can be cal¬ 
culated, and depends on the degree of precision desired. 


n -. probable error based on single cut 


probable error from n-cut composite 


2 2 

I =dr) ( 3 - 3 -2) 

n 

EXAMPLE 3.3-2: If it is desired that 95% of all composite samples 
of coal analyzed for ash have ash values within ]% of the true 
mean, u, of S ash in the coal, how many random cuts must be com- 
.posited to achieve this result? Assume that the variance of the 
analysis of ash in coal, c| is known to be equal to 9 * 

Solution: From the attributes of a normal distribution (Section 

3,1), Table 3.1-1 yields z = - 1,96 when 95% of the curve is 

°n 

included (z^ ~ 0.0250). Since (x-y) is desired to be +_ 1%, 

1 

° n = ] 90 = 0-^1, Then, Eq. (3.3-2) shows that the required 
number is 


n = — = _J_ 

g? (0.51) 2 


= 35 


Thus 35^random cuts must be composited to make the composite with 
the desired attribute, namely that 95% of the time this composite 
will have an ash analysis within 1 % of the true value of the Sash. 

An example of a specific sampling procedure developed for a 
specific material is found in A5TM Standards D492 and E105 dealing 
let sam pling of coal from lots of 1000 tons or less, such 
Z l of composite samples will be within 10 % of the true 
c composition. Table 3,3-1 gives the mi rvirnum number of 

Cut t0 - make up composite, the minimum weight of each 

Drr i* the minimum gross or composite sample weight required in 
t0 meet statistical goal. In this case the samples 
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are to be taken by ,l a single motion of the sampling instrument in 
such a way that the time for each increment is the same. The 
increments are collected in a random fashion such that every part 
of the lot or pile has a non-zero probability of selection and 
the entire lot is represented proportionally in the gros^s sample 11 . 

The sampling instrument to be used is not specified. This 
is because there are many such devices on the market. The choice 
has more to do with the physical situation and the size of sample 
to be taken. The only real criterion is that each cut be truly 
rep re s en ta ti ve of the pile or stream at that point or that instant 
in time. Fig. 3,3-1 illustrates some of the devices available. 

Once the composite sample has been col 1 ected.^it.must obvi¬ 
ously be reduced to a size such that a chemical analysis can be 
made. This is done by making use of Eq. (3.3-1), which shows 
that as the particle size is reduced the weight of sample required 
decreases by the square of the particle size. Therefore, the 
entire sample is crushed and/or ground down to a smaller size and 
then split*{i,e., itself sampled) into a smaller weight. This 
splitting may be accomplished by hand means (coning 1 and quartering, 
shovel sampling, riffle sampling, grab sampling) or by use of 
mechanical splitting devices. For example, in the previous case 
of coal sampling, ASTM-D492 continues: ,r The gross sample i-s 
crushed and screened so that 95% by weight will pass through a 
No. 4 sieve and 100% will pass a 3/8" round hole screen. The 
sample is reduced to 60 lb by passing through a rifile sampler. 
Further crushing, screening and riffling results in a sample of 
not less than 1-3/4 lb sized so that 95% or more will pass a No, 

8 screen". ^ 

A riffle splitter is illustrated in Fig. 3.3-2 and the 
procedure for coning and quartering in Fig. 3.3-3. Further pro¬ 
cedures for sampling of specific particulate materials may be 
found in the ASTM standards, such as B215-60 (fetal Powder Sampl¬ 
ing) and D197-30, (Pulverized Coal Samp ling/. 

3.3.2 SAMPLING LIQUIDS 

Ordinary liquids are sampled by various dipping procedures 
involving use of 1/2-gallon sampling jars. Various Federal 
agencies (such as the Federal Water Quality Administration) have 
established procedures for sampling from streams and lakes, ro 
example, for rivers, samples are taken 

(1) upstream and downstream 1/4-mile, 1/2-mile, and 3/4- 
mile from a given source, 

( 2 ) at both shores and in the middle, in each case, and 

(3) at the surface, 1/3-, 1/2-, and 2/3- of the way to 
the bottom, and at the bottom, at ail locations. 

The composite is the chemical laboratory sample which is sampled 
via pipette for analysis. 












Samp To Sizes Required for Sampling Coal (From ASTM Standard 0492) 


MATEB'* l 
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Particle Size of Coal Being Sampled 
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toll RcciprocoUng Culler 

M«ti> i>t 



<t>3 o i Curler (sj 



UJ RolaUng Hopaer and Spoui (d) Rotating Coneys} 



Rolct 



Figure 3,3-1 Particulate Stream Samplers (Ref, ASTM D2013, 1977). 


(a) Reciprocating Cutter-Fig* 2(a) shows a section of a cutter 
which is moved across a stream of coal. At regular intervals the 
cutter movement is reversed and a sample increment is collected on 
each trip through the coal stream, (b) Rotating Cutter-Fig* 2(b) 
shows two cutters attached to a hollow, rotating shaft. Each cutter 
is designed to extract increments from the feed and to wiscn=rge 
these into the hollow shaft. One or more cutters may be used, 

(c) Rotating Hopper and Spout-Fig* 2(c) shows the totaling hopper 
that receives the crushed sample and discharges i t through a spout 
over one or more stationary cutters, (d) Rotating Cone-A samp ~ 
developed by the British Rational Coal Board. Two slotted cones 
are locked together and rotated on a vertical shaft so that on . _ 
revolution the common slot operating intercepts the tailing 
of coal and collects an i-ncrement. 
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.Figure 3.3-2 Riffle Sample Splitter 
{Ref. ASTM D2G13, 1977) 


Samples from tanks or tank cars are taken via stoppered 
oottles which are lowered to the desired level before releasing 
the stopper. 


Liquid metal baths are sampled in a number of different 
TJ- Typically, sampling spoons are plunged into the bath and 
inarawn with a sample of liquid metal which is then poured into 
th P rm!i Cnl ' mold or other device such as °ne that records the 

■- mS I 3 rrP^i, f ^ t 1 fh O 1 I fl i n rlnf rl. i y'l nn ^ v,*-. n t 1 n ^ X... _ . ■ 


thprmf + NfUig Duner oevice s ucn as °ne that records the 

sit-in * rri 7 st at the liquidos during freezing, from which compo- 
whirh rfn y k te inferred. Other sampling devices have been developed 

* 1 can DP n 1 imnflH r!n m 1 ! i f hfi mi-, 4—i 1 L, X s ^ 


n 1 i in n Ck H r!r 


-i + +■ h 


1 k. ^ X ^ _ 
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FIRST STAGE in 
Ehe PreparaJion 
of c 500‘Pouno 
[227 kg) Sample 

Crusn 500 Ifa t2Z7 kgl 
cm herd, clean surface 
io 1 inch (25 mm) 




500 It (22? k^] SQrr t r)i£ 
crushed Eo f 125 mm) 
snd coned 



Mik by forming long pjjg 
A-Spreodiflg 0u j Mnrf shovelful 
b-Long ptse complefed 




Long pile divided 
imto !wa parts- 
A-fteserve; 0- Reject 


Figure 3.3-3 Standard Method of Sampling Coke for Analysis 
(Ref, ASTM 0346, 1977) 

Necessary tools: shovel, tapper, and steel 
plate, broom, and rake. Use rake for raking 
over coke when crushing it, so that all lumps 
will be crushed. Sweep floor clean of all 
discarded coke after each time sample is 
halved. 


or caps melt away and allow metal to be drawn into the sample mold, 
which is usually surrounded by a cardboard sleeve. One design of 
this type is illustrated in Fig, 3.3-4, 

The number of samples from a bath of metal required to 
obtain accurate results depends on the concentration of the element 
in question and on the degree of homogeneity of the bath. If t ;e 
bath being sampled has £een subjected to vigorous boiling action, 
gaseous agitation, or mechanical agitation a single sample may be 
adequate. The minimal variability present in such cases is il- 
liKtratPd in Table 3.3-2. in which samples taken at the same time 
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Figure 3.3-4 Exploded and assembled views of one 
commercial sampler for liquid metal 
samp]ing, 


from different locations in electric arc furnaces were analyzed. 

not proDerW E di^^ hand ’ additions made to "dead" baths may 

centra tetfat ) ^ " lerT!ents reduced slags may be con- 

suJ/^tal 9/met3 l 1nterface - Samples taken near the 

valueSfs U differ 9r0ss1 ^ from the mean 

s?eel‘heats mine ? trated , in lable 3 ’ 3 ~ 3 ’ for several stainless 
neats made in large electric arc furnaces. 

dissolved Qa^ aS f,°' f traCe elaments ’ e -9- aluminum in steel, and 
tical samnlinn n 5 as oxygen ’ hydrogen, and nitrogen, a statis- 
accurate value ? USt be followsd in order t0 obtain an 

Table 3 3 -d ft 35 *? wa ’ Lewi . s .and Wojcik* have demonstrated, 
steel hea" v ^ ri abf 1 fty in oxygen contents in a typical 

to forj l^g-norma S di^tHh n t' yS1S /- ndjCated th3t 0xy9en data tended 

observed if Jhe lnrfr + h Ut l° ns (Ke '> a norma1 distribution was 

variable) LTV 9 / thm of the ox ^ en conten t was used as the 
variable) and therefore the geometric mean value of the data was 

*1%5TfK ’308 LeWlS * 3nd W ' WoJc1k > Proc. flIME .Qpenhearth Cnnf. . 
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the most satisfactory estimate of the true oxygen value The 
number of pin samples taken, and analytical de termi nati ons ' from 
small sections out from each sample, required to estimate the tr-, 0 
oxygen content of the bath or batch within + 20% of the true ua i . e 
95% of the time, is given in Table 3.3-5. Similar procedures would 
have to be developed for other elements and systems if quantitative 
estimates of accuracy are required. 

The effect of the type of sampler used on the accuracy of 
the results is illustrated in Fig. 3.3-5, in which the variability 
in manganese analysis in a steel heat as a-function of sampling 
procedure is shown* 

Slag sampling has not reached the same level of sophistica¬ 
tion as metal sampling. Slag samples are often taken by spoon 
and poured onto shovels or clean concrete 3 where the 11 pancake 11 is 
allowed to harden. This sample is then crushed for analysis. Care 
must be taken to check for entrained metallic particles, which 
must be removed if the "true' 1 slag analysis is to be attained. 

3.3.3 SAMPLING GASES 

Samples of the process gases are often taken for either 
gas analysis or particulate analysis. The sampling method used, 
depends on which analysis is required. 

There are many methods of sampling gases for particulates. 
All depend on pulling the gas through a device which traps out 
the particulates and measures the total gas flow at the same time. 
ASTM Standard Procedure 2006 recommends using a glass cloth filter 
to trap the particulates, collecting them from approximately 
2000 of gas drawn through the sampler over a 24 hour period. 
Other sample filters, such as paper, may have to be used to trap 
very fine fumes. For sampling hot gases, a porous alundum thimble 
is often used. Filters of cellulose esters are used to collect 
extremely fine particles such as colloids, and bacteria. 

In order to get an accurate sample of the particulate con- 
tent of a gas the sample must..be taken under isokinetic conditions; 
i.e., the.velocity of the r dust laden stream at the entrance to 
the sample probe must equal the local velocity upstream-from the 
probe. Thus, the pressure of the probe must not affect the gas 
velocity in the stream being sampled. The errors involved when 
this condition is not met are illustrated in Fig. 3.3-6, 

Sampling in ducts for compositional variation should be 
done only after a thorough study of the flow patterns. In very 
large ducts, the positions corresponding to equal areas are given 
on the two charts in Figs, 3,3-7 and 3,3-8 and samples should be 
taken at each point (or every other point) in order to obtain an 
average sample. If flow velocities are not uniform across the 
duct, the total mass flow of a particular constituent must be 
found by multiplying the local concentrations by the local velo¬ 
cities and then averaging the values. After' such -j survey, the 
location of a single sample port may be established. The minimum 
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Table 3.3-2 


-Metal and Slag Composition After Oxygen Blow (Carbon Boil) 
in a 15-foot Diameter Electric Arc Furnace 






■Metal Composition % 


JJeat. 

S'; A 

Samele Location 

c 

Mn 

Si 

Hi 

Cr 

Charging Door 


014 

.20 

.20 

13.32 

2,03 

. n - 

Side Door 


014 

,20 

.20 

13.56 

3,00 

pc 

Charging Door 

.04 

,20 

,04 

12.63 

2.24 


Side Door 


,032 

.20 

.02 

12.68 

2.24 

?;•’? . 

D 

Charging Door 


.023 

,22 

.030 

11.75 

4.28 

i 

Side Door 


,024 

,24 

,024 

11.68 

4.34 

Distance below 







r l i£'h~ 9 ~ 

the Interface 








6 11 


■ — 


.01 

11.96 

■ 3.44 

F 

6” 


_ 

_ 

.02 

12.40 

3.44 


18“ 


— 

— 

.02 

12.28 

3.44 


27" 




.03 

12.04 

3.16 





Slag Composition 


Heat 

Sample Location 

Fe 

Cr 

Si0 z 

CaO ' MgO 

A ] 2 0 3 

MnO 

A 

Charging Door 

20.00 

■26.99 

6.16 

14.50 6.52 

1.50 

6.58 


Side Door 

22.00 

24.71 

7.10 

15.17 4.52 

1.83 

6.71 

B 

Charging Door 

27.60 

21 .12 

5.44 

14.04 4.95 

0.71 

5.95 


Side Door 

27.40 

21.30 

5.30 

14.84 5.18 

2.24 

6.05 

C 

Charging Door 

21.20 

25.12 

7.84 

15.59 6.09 

2.15 

4,44 


Side Door 

20.40 

25.14 

7.B6 

15.93 5.40 

1.95 

3.12 

D 

Charging Door 

23.66 

27.94 

7.52 

14.11 11.64 

1.99 

6.13 


Side Door 

23.92 

23.82 

7.70 

14.39 3.52 

1.97 

6,26 

E 

Top of Slag 

3" below Top 

14.20 

29.92 

7.10 

20.06 1.59 

3.04 

5.50 


14.60 

30.25 

6.74 

19.41 1.30 

2.97 

5.50 




i 
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Table 3,3-3 

Vertical Stratification Within the Metal Bath 


Depth into Metal Bath 

Heat (Inches Below Slag Layer) %Cr 


0 

(Slag/Metal 

Interface} ■ 


. 34.36 

6 


6.38 

27.79 

12 



6.88 

25.62 

1R 



7.12 

22.93' 




(9,50)* 

(18.08)’ 

0 

18 

{Slag/Metal 

Interface) 

5.28 

15.16 

37.33 

11.74 

o l 

(Interface) 


3.44 

38.33 

1 gt 



10.04 

15.60 

23.44 

11.16 




(13.30)* 

(17.24) 


* Average of bath after thorough stirring, 
t Taken after five minutes of ineffective argon bubbling. 


Table 3.3-4 



Oxygen Analyses From Steel 

Samples* 

Sample Location 

Geometric 

Mean 

% Oxygen 

Spread 

Furnace 

, 0.0092 

0.0057 to 0.0173 

Ladle 

0.0068 

0.0029 to 0.0135 

Ingot 

0.0038 

0.0011 to 0.0155 

Product 

0.0023 

0.0016 to 0.0053 

* R, Kowal, S. 

Lewis* and W, Wojcik, Open 

Hearth Proceedings, AIME, 


1964, p, 308, 
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Table 3.3-5 

Sample Requirements for Oxygen Determinations in Steel 
Such That the Geometric Mean Value is Within 
20% of the True Value 95% of the Time* 


/ 

Sample Location 

of Samples 

f of Analyses 
of Each 

Total Analyses 

Furnace 

4 

3 

12 

ladle 

6 

.3' 

18 

Ingot 

9 

3 

27 

Sheet or Bar Product 

9 

I 

9 


* Kowal, et al*, op, cit. 



Figure 3,3-5 Manganese distribution determined by 
various types of samplers (liquid 
samples) and cut from product sheet 
from same heat of steel, (Ref, R. R. 
Strange, J, Metals, (July, 1955). d. 
767,) ~ 


SAMPLING AND MEASUREMENTS 



Velocity of sampling orifice 


Figure 3,3-6 Errors resulting from anisokinetic 
sampling. 


equipment requirements for a gas-sampling system are shown in 
Fig, 3.3-9. 

EXAMPLE 3,3-3: The S0 2 flow in a 1 meter diameter flue is to be 
determined. How many points should be sampled and where? 

2 . 

Solution: The total cross-sectional area is 3,14 nr* or 91.93 ft 
The recommended number of test points would tie 20 or more. The 
velocity in each equal area zone must be determined, along with 
the SO^ concentration. 

From Fig. 3,3-6, if the number of areas is 5, the number of 
points sampled on a diameter is ID, so that 20 points would be 
sampled if samples are taken along two diameters located at rign 
angles to each other. The test locations would be at 4,4, 16. * 
29.0, 45,4, 68,8, 131,2, 154,6, 171.0, 183,6, and 195.6 cm frotr 1 
one wall, along a diameter. These values were found by multip y 
ing the percent diameter values in the figure by the diameter, 

r 3.4 WEIGHING 

In many metallurgical processes, direct weighing of charg- 
materials is possible. In some cases, products can also be 
weighed. There are a large, variety of devices and Instruments 
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Tab1e 3.3-2 

Metal and Slag Composition After Oxygen Blow (Carbon Boil') 
in a 15-foot Diameter Electric Arc Furnace 


By • 



Metal Composition % 


•Rgat 

Sample Locatior 

i C 

Mn 

Si 

Ni 

Cr 


Charging Door 

,014 

,20 

.20 

13.32 

2.03 

1 1 ■■ ' - 

Side Door 

,014 . 

.20 

.20 

13.56 

3.00 

’ c 

Charging Door 

.04 

,20 

. ,04 

12.68 

2.24 

7 . 

Side Door 

,032 

,20 

.02 

12.68 

2.24 

T- 







D 

Charging Door 

.023 

,22 

. 030 

11.75 

4.28 

v.rs'. t-- • 

Side Door 

.024 

.24 

,024 

11.68 

4.34 


Distance below 







the Interface 







6' 1 

— 

— 

.01 

11.96 

- 3.44 

F 

6" 

- „_ 

— 

.02 

12.40 

3.44 


18 11 


— 

.02 

12.23 

3.44 


27" 


" -- 

.03 

12.04 

3.16 




Slag Composition 


Heat 

Sample Location 

Fe Cr 

Si0 2 

CaO MgO 

.^2^3 

MnO 

A 

Charging Door 

20.00 -26.99 

6.16 

14.50 6.52 

1.50 

6.58 


S l de Doo r 

22.00 24.71 

7.10 

15.17 4.52 

1.83 

6.71 

B 

Charging Door 

27.60 21.12 

5,44 

14.84 4.95 

0.71 

5.95 


Side Door 

27.40 21.30 

5.30 

14.84 5.18 

2.24 

6.05 

C . 

Charging Door 

21.20 25.12 

7,84 

15.59 6.09 

2.15 

4.44 


Side Door 

20.40 25.14 

7,86 

15.93 5.40 

1.95 

3.12 

D 

Charging Door 

■23.66 27.94 

7.52 

14.11 11.64 

1.99 

6.13 


Side Door 

23.92 23.82 

7.70 

14.39 3.52 

1.97 

6.26 

E 

Top of Slag 

14.20 29.92 

7,10 

20.06 1.59 

3.04 

5.50 


3" below Top 

14.60 30.25 

6.74 

19.41 1.30 

2.97 

5.50 


SAMPLING AND MEASUREMENTS 


Table 3, 3-3 

Vertical Stratification Hi thin the Metal Bath 


Heat 

Depth into Metal Bath 
(Inches Below Slag Layer) 

£Ni 

%Cr 

A 

0 (Slag/Metal Interface) 

6 

12 

18 

6.38 

6.88 

7.12 

34.36 

27.79 

25.62 

22.93 


(9.50)* 

“US,OB}* 

B 

0 {Slag/Metal Interface) 
18 

0 t (Interface) 

6* 

IS 1 

5.28 

15.16 

3.44 

10.04 

15.60 

(13.30)* 

37.33 

11 .74 

36.33 
23,44 . 
11.16 

(17.24)* 


* Average of bath after thorough stirring, 
t Taken after five minutes of ineffective argon bubbling. 


Table 3.3-4 

Oxygen Analyses From Steel Samples* 


Sample Location 

Geometric 

Mean 

% Oxygen 

Spread 

Furnace 

, 0.0092 

0.0057 to 0.0173 

Ladle 

0.0068 

0.0029 to D.0135 

Ingot 

0.0038 

0.0011 to 0.0155 

Product 

0.0023 

0.0016 to 0.0058 

* R, Kowal, S. Lewis * 

and W. Wojcik, Open 

Hearth Proceedings, AIME» 


1964, p. 30S. 
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5?> .. ; le for these purposes , ranging from scales with a fey 
jf^ogram capacity to weighing systems with capacities of 10 5 kg 

gr jnorfi* 

The weighing principles used fall into two~general cate- 
Vies: mechanical systems involving the classical system of 
f 'levers arid knife edges, or electronic load cell systems , utilizing 
ither resistance strain gauges or magnetostrictive load cells , 
f ? the case of strain gauges, the elongation of a fine wire is 
^rea<j as a resistance change; in the case of the magnetos tri cti ve 
H load-cel It the change in the magnetic properties of an iron alloy 
S under load is used to change an electrical signal, see Fig. 3.4-1. 

Many errors can arise with the use of any weighing system, 
t but the most notable is the error in tare weights or the weight 
•' 0 f the empty container, which may be as large as the net weight 
v jtself* . Regular calibration is necessary, as is constant mainten¬ 
ance, if the accuracies mentioned below are to be achieved and 



if the station chosen has fairly uniform flow, the minimum number 
of test points may be determined as follows: 


Cross-sectional Area 
Square Feet 


Number of 
Test Points J 


Less than 2 
2 to 25 

Greater than 25 


4 

12 

20 or more 


i 

Figure 3*3-7 Typical rectangular flue with traverse 
layout. (Ref. Bulletin WP-50, 7 th Ed., 
Western Precipitator Div., Joy Hfq. Co., 


SAMPLING AND MEASUREMENTS 



If the table below does not have enough 
points, the distance Ft from the center"of the 
flue to any given test point, n. is calculated 
by the formula 

R “ d vlsr 

d —Diameter of Sue 

N—Number of readings across a 
diameter 

n —The n’th point from the center 

R.—Distance from center of flue to 
n'th test point, numbered from 
the center consecutively: In the 
diagram, n—1 for E-3, E : 4, 5-3, 
and %~4i 

NOTE: Using compass points to dfiinrtaiif 
a La Lions helps IQ orient ihe “esi 
locations. 


east 


EQUAL AREA ZONES FOR VELOCITY TRAVERSE 
T \ d-R 

{■/. flue diameter fr»m circumference point -g- 


x TOO 


Number of Area; 


Point 

No. 


n = 1 
2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 


6.2 

25,0 

75,0 

93,6 


4.4 

14-7 

29.4 

70.6 
85.3 

95.6 


3-3 

10.5 

19.5 
32,1 
67.9 

80.5 

89.5 
96J 


2.2 

8.2 

14-5 

22-7 

34.4 

65,6 

77.3 

85-5 

91.8 

97.8 


2.0 

6.7 
11,8 

17.7 
25.0 
35.4 
64.6 
75-0 

82.3 
83.2- 

93.3 
98,0 


Fi 


qure 3.3-3 Traverse positions in rouna flues. 
9 (Ref. Bulletin WP-BO Op at.) 


i f the 


maintained. Finally, it should b P ^ of f u n capacity, 
accuracy of a machine is given as P . | than f u n capacity, 

for example IS, then the error a z a load less ^ ^ load, ^ 

say 50% of capacity, will be h l^o > C r 0 qnize on machines operating 
this case 2%. This is important to 9 
over a wide weighing range. 

3.4.1 BELT WEIGHERS - 

The weight passing a given 1 ° c ^L°b -L„„ 


movi ng bel t i s 
fho fnrre on 


























































j^T^fllAL AND ENERGY BALANCE CALCULATIONS IN METALLURGICAL PROCESSES 

lly from + 0.25 to + 2%, over a specified range of Itfad. 
we ighsrs are also used for feeding from storage bins, re- 
rpivfny their material from the bin through a gate, weighing it 
and discharging it onto a conveyor belt, with a reported accuracy 


Short 



Figure 3.3-9 


Minimum equipment requirements for a 
gas-sampling system. 


3.4.2 HOPPER WEIGHERS 

This general term describes the weighing of feed honors 
charging buckets, scale cars, etc. These devices are usual if 
weighed by load cells built into their supporting frame with 

Scilfi ° f f ™V °' 1 t0 - 2 - 0% - 2n general^ mounting 1 three 

since it is th.!",™ 9- ff 2 i ta Sjppcr! the *i° p Pe>- is desirable, 

rfu 1 th impossible for the weight to be taken by any two 

m! 5„T If f0ur l0 ; d ce,,s " e p ^. ft 1 p possible to 

tne load to De ta<en on three alone. 

3.4.3 PLATFORM WEIGHERS 

devices Tne rL SCale \ may r Utilize ei ’ ther mechanical or load cell 
to weigh llSlesIn st i V - 1 R hl ’ 9h capacit ^ such as those used 
used to we I LwMnf 15 ’ - ° r °I low ca P acit y> such as those 
load cell olatfJm f V‘ ? ° y1 - 9 addltions - The accuracy of 
tween + J 05? «* S ( f « ei ?hbri4ges) generally varies be- 

be as accurate as f ftechanical ^ pe scales a ^ sported to 

3 -4.4 CRAKE WEIGHERS 

locatedlfthp 1 ^^ be V tte 1 eUher t0 the spreader beam or 

t-d on the moving crab on large bridge cranes, as in Fig. 3 . 4 - 3 , 


SAMPLING AND MEASUREMENT: 




Figure 3,4-1 Magnetos trie Live load cell. 

After many development problems * the accuracy of the best of these 
systems is now about + 0 . 2 % of net weight or + 0 . 1 % of total capa¬ 
city 'of the crane, which includes, for example, the weight of' the 
ladle containing molten material in smeIters and steel mills. 

3.4,5 ROLLER CONVEYOR WEIGHERS * ■ 

Slabs, ingots and other large semifinished or finished mill | 
products may be weighed while being transported via roller con¬ 
veyors. This is done by either active weigh scales, wherein a 
section of the roller table acts as a platform scale, or else by 
lifting fingers normally situated below and between the main table j 
rollers which raise up to support the piece being weighed. The ■ 
latter system can be made more accurate than the former beceuse^ 
of the smaller ratio of tare-to-net weight. Guaranteed accuracies 
for both types vary from +0.05 to + 0.25%. 


















































Figure 3,4-2 Weighing installation for charging 
electric furnace. 
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3 Load fells 


3,5 DENSITY MEASUREMENTS 

In many processes, such as those involving molten slag and 
^tal, mass cannot easily be measured directly* and so it is 
estimated by measuring or estimating the volume and then using the 
density to obtain the mass. This obviously requires an accurate 
Ya.ue of the density, since the volume measurements themselves may 
be inaccurate. 

3,5,1 LIQUID DENSITY 

Q , ^ the substance is a liquid at ordinary temperatures, a 

a _ te and laboratory balance will yield the density quite 
hi;/:*??!*- however, if the material is liquid in the process, 

~ SQ | 1 rj a + rnrim lomnari'-MPr 4" +■../-. ~ -C ^ - i i - _i 


SAMPLING AND MEASUREMENTS 


SCHEMATIC Diagram 



B 


PFUNC [P Li 

Sinqi* boa* 

I*G load celli 


CRA& WEIGHING 



1 . 1 


Locd ceSh CGmSmcJ 

Witrt |QC*i to r« lie 
Ocb for *dqWq 


SPREADER 



Ik : a 

^Ar- -A -A 


SEAM WEIGHING 


Lc54d CiMt in iRe book 

lupporimq linkage 


E 


_ .m ... 


T r 


Ha-iij q,ar 
feifmq an, load ctEh 


Load ceMi betwte* 
parallel croii 


,_CCjlUi. 



Koft’driven ai k 
lupporfed oa load c(I 


ROPE TENSION DEVICE 



Load celts between 
ibeare and beam 



Load cell luppoffiaq 
idler pulley 


Figure 3.4-3 Typical applications of load cells in crane 
operations. (Ref.: N, A. Towsend and 
J, M, Molloy, article in Control of Compo¬ 
sition in Steelmakinq , publ. by iron and 
Steel Inst. (London), 1966.) 

density in combination with overall volume to estimate total 
weight'may be very inaccurate. This is common in systems where 
slags are present. 

In most cases, the density of the solid material Is deter¬ 
mined and an assumption of the. differential shrinkage upon going - 
from liquid to solid is made. This can have major errors associ¬ 
ated with It. For example, gases are frequently evolved during 
the freezing process resulting in a "foamy” solid and an apparent 
density far below the true density. On the other hand, slags, 
often have metal droplets entrained in them, resulting in potential 
overestimations of their true density. Finally, the composition 
of a slag, can have a significant effect on its density, as shown 
in Fig, 3.5-1, and so care must be taken to use literature density 
data carefully. 


3.5.2 BULK DENSITY 

The bulk density of irregular solids, such as coke and 
sinter, is very hard to determine accurately. There are, howevei• 
ASTH Standard Procedures (such as 0292-29 for coke) to make 
standardized determinations. The most important aspect or tms 


nvnrfl Hi sre 


11 v C2. a lamp pnouah 


h r OtH*- 
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Figure 3.5-1 Density-composition relationship of iron 
silicates in contact with solid’iron at 
141D°C. (Re'F.j C. Diaz, Thermodynami a 
Properties of Copper-Slag Systems . INCRA 
New Voi-^, 1974, p. 6). 

1Z.5 cm and smaller in diameter, the standard measurinq box is 
60 cm x 60 cm x 60 cm. For coke 2.5 cm or smaller, the box is 
^hn Crn iV° C,n l 30 Cm * The wei ’9 hl ‘ n 9 box is filled "by means of 
wnh E no f af^fti e f 9ht ° f a centimeters 5b0VS th e top of the box 
excess^ S £! ° r l! rran 9 e the coke." Leveling off of 

the MlStVf rS® * ^ e . and band. Then the box is weighed and 
is th^bulk^ensit ^ Un1t V ° ™ e ° f container computed. This 

ps of soJwo! ute,i “ »* vo,d fractim ' •• •-* 


bulk 


= (l-w)f 


(3.5-1) 


TOid B fr8ctinn h H trU ^ densUy of the solid Phase in the bed. The 
the sameten^ meth ° d ° f packin ?> and can vary for 
height Of the ihid ? UCh dS i 0,06 depending on the weight or 

»Ud s is 1 ' typical fv on on ’, etc ' Therefore, since u for packed 
are 6 sed 1r 7 con tenrt?n th ? ° rder of 0- a . ^ estimated values of «, 
conjunct!on with P values, the error in calculated 


UN1VER 

L -!f 


O >/; 


SAMPLING AND MEASUREMENTS 


i 


t 


bulk density values can easily be + 15 % 

The importance of accurate results is 
charging of an iron blast furnace, which i s usuallvH^ u y the 
of a skip hoist. The skip has a known volume i„ by reans 

the weight of coke contained in a skip is nor’Her-mi , ca ^ es ■ 
but instead the coke is filled to a consistent heigTt'n ’ 

and the weight is then calculated using the bulk densite tn !, 
an adequate procedure, provided the bulk density is known accurate 


EXAMPLE 3.5-1: Suppose that the volume of a skip is 20 m 3 but 
the control on the filling level is only to within + 5K Qf’this 
value. If the bulk density is estimated to be 1400 kg/m 3 + no 
kg/cE this means that a skip load can weigh anywhere from 24 510 
kg to 31,710 kg, while a value of 28,000 kg would have to be’ 
assumed for charge calculations. Obviously, any decrease in the 
■probable error in the bulk density value will improve the accuracy 
of the charge calculations. - L 


3.5.3 PULP (SLURRY) DENSITY 

Pulp density is found using direct weigh]ng of grab samples, 
or using nuclear density gauges* If the pulp density is known 
(pp), and the density of the solids is known (p s )> then the per¬ 
cent solids j-rrthe stream is .given by Eq. (3.5-2): 


! p $ (p d - 1 ) 

Wt«S£ solids = ■ ■ i p . x 100 (3.5-2) 

Pp(P s -») 

The relationship between these values is given in Fig. 3.5-2. 

{See pages 1-29 through 1-31 for additional information.) 

A nuclear density gauge operates on the principle that 
radiation from high-energy garrma radiation sources such as cesium- 
t 137, cobalt-60 and radium-226 provides photons whose absorbtion by 

a process stream depends on the mass of the stream. In most cases, 
| a detector is placed opposite the radiation source to sense the 

percentage of transmitted radiation, as in Fig. 3,5-3. Nuclear 
density gauges can be calibrated to read in percent solids only 
when the density of one component, such as water, in a two- 
component system is fixed. An increase in pulp density will cause 
a predictable decrease in transmitted radiation. However, due 
to source decay, variability in mass absorbtion coefficients of 
the feed, and other problem, regular calibration is required. 

The final accuracy is often as good as +0.1% solids. 

EXAMPLE 3,5-2: A sample of pulp taken from a process stream has 
a density of 1.35 gm/cm^. The solids are known to have a density 
of 2,8 grn/cnH. What % solids are in the pulp? 


-per; utjon: Using Fig. 3.5-2 * the two values converge on the 40% 

lAAhit A MAffiA ] - 
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p(ATER JAL a 


Wt. % Sol ids 



ppj Specific gravity of pulp 


Figure 3.5-2 Relation between percentage of solids 
and specific gravity of ore pulps. 


3.6 MEASUREMENT OF TEMPERATURE 

The accurate measurement of the temperature of process input 
and output material streams is required in order to establish 
energy balances. A wide variety of temperature sensing devices 
are available. .Some of these are given in Table 3.6-1 along with 


sampling and measurements 



Figure 3.5-3 Schematic diagram of nuclear density gauge. 


3.6.1 THERMOCOUPLES 


Measurement of temperature with a thermocouple requires 
measurement of the emf developed by the metal couple. Common 
materials used in thermocouples include pure.piatinum, platinum- 
rhodium alloys, iridium, rhenium, tungsten,, iron, copper, and . 
alloys such as constantan {60% Cu, 40% Ni), chromel (10% Cr-90^ Ni) 
and alums 1 {2% Al-8% Si+Mn-90* Ni), Thermocouple wire supplied 
by reputable manufacturers produces emf values that agree remark¬ 
ably well with the published tables, of emf versus temperature. 
Therefore, for a great deal of work it is satisfactory to make a 
thermocouple of this wire and use it to measure temperature without 
further calibration. 

There is little point in using very precisely calibrated 
thermocouples in conjunction with automatic control equipment 
because, in general, the difference between the true temperature 
and the temperature indicated by the controller, is less than e 
fluctuation around the set point. 3 It is, however, necessary o 
check thermocouples in permanent installations frequently o , e 
sure that they are indicating approximately the right temperature. 
This is particularly true in hostile environments, where the 
thermocouple may be exposed to SO^, Manufacture 

literature should be consulted. 


For more accurate work it is occasionally necessary to have 
an accurate calibration. Working thermocouples are almost always 
calibrated by comparing them with carefully calibrated standard 
thermocouples. These standard couples may be either noble or 
base metal although, for precise work, platinum-platinumyrnodium 
couples are always used. Calibrated couples can be obtained trom 
the manufacturers of pyrometric equipment, and the national 
n, - . .-I ur-ni ralihratp t hprmocQU D105 sent to them. 
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P ; 

fei-- Table 3.6 -1 

1 ^ 

r practical Measurement Range of Temperature Sensors* 


Sensor 


Temperature Ranee °c 
Low “ High 


Thermocouples 

-• Copper-Cons tan tan - ISA Code T 
* " Jron-Constantan^ - ISA Code J 
Chrome!-Cons tag tan^ * ISA Code E 
Chrome 1-A1umel^ - ISA Code K 
piatinum-Platinirm/10% Rhodium 5 - S 
platinum-Platinum/13% Rhodium 5 
I ri d i urn/ Rh od i um-1 ri di um 
Tungsten-Rhenium 

; Resistor Bulbs 
Platinum 7 
Nickel 8 
Copper 

Total Radiation Pyrometers 9 
High range 
Intermediate range 
low intermediate range 
Low range 

Spectracal ly Selective Pyrometers 
Optica] or brightness pyrometer^ 
iwo-color pyrometer^ 


1A 13 ) 


Filled System Thermometers 
Liquid-filled (SAMA Class 
l-lercury-filled (Class V) 
Vapor-filled (Class II) 
Gas-filled (Class III) 

Bimetal Thermometers^ • - 

Pyrometric Cores 


Surface-Applied Temperature-Sensi ti ve 
Materials (melting and color-change 
types) 


* 1 "" E*KTi<f*e, 


5 . M. IW|. [ . * 1 . 


1 ,^ 1 , 1 ^ -In H't *** 

Cx- H ... { 1 Su'Eiit* ni,nll-i - JS, 


i. Cl, n 'T - 1b -4*(S r 

\ t_ Z * ti ■!<« r 

*■ *'-** _r' lr lMr 

h * v ■ *l* 5 i*w« -bulk!. I 


-300 

-300 

+32 

+32 

+32 

+32 

+1425 


-325 

-40 

-330 


+1700 

+1000 

+500 

+100 


+1400 

+1400 


-300 

-33 

-432 

-450' 

-300 

+ 1035 


+100 


+700 

+1400 

+1600 

+2300 

+2700 

+2700 

+3600 

+3600 


+1000 

+400 

+250 


+ 1700 
+3400 
+1200 
+700 


+7500 

+6500 


+600 
+1000 
+600 
+ 1400 

+1000 

+3660 


+2500 


B - Bl-W !•*%f.r 

* Tfl - 435 T 


r ■'Ilil Ivifei t 


1 SH l 


SAMPLING AND MEASUREMENTS 


Since calibration is rather time consuming and requires some, 
special equipment, it is usually cheaper and more satisfactory to 
have such primary calibrations made in this way* 

Where high precision is required, potentiometers are used, 
rather than mil li voltmeters. For good industrial-type potentio¬ 
meters, used with thermocouples or other electrical temperature 
transducers, the sensitivity of the measuring system will be about 
+ 0.035% of fall-scale span, in terms of millivolts. 

When determining heat balances in industrial environments, 
the temperatures of gas or air streams flowing through flues and 
stacks play a very important role. The measurement of the tempera¬ 
ture of a gas is considerably different from such a measurement in 
liquids and solids. The principal probsem^is the highly practical 
one of causing the measuring thermocouple junction to attain the 
same temperature as the gas. 

In measuring the temperature of flue gases, the thermocouple 
will usually be enclosed in a metal protection tube.which is 
.screwed into an opening in the wall of the duct.^ Since there is 
loss of heat through the duct walls, ,the protection tube is cooler 
where it enters the wall than at its^iTwhere the thermocouple, 
junction is placed. Thus, a flow of heat takes place through the 
tube and also through the thermocouple-wi res from the tip of the 
tube towards the outer duct wall. This heat must be supplied < rom 
the gas stream, and to pick up the heat the tube must be cooler 
than the gas. The temperature of the junction must, therefore, be 
lower than that of the gas. The magnitude of the resulting error 
will depend upon the rate of flow of the gas, the nature of the 
portion of the surface of the protection tube exposed to Lhe gas, 
the length, diameter and materials of the tube.and the thermo-, 
couple wires, and the temperature of wall to which the tube is 
attached. The errors are often significant, 

A further source of error is radiation. In the case under 
consideration, a hot gas inside cooler walls, there will be a oss 
of heat from the tube or thermocouple junction by radia^ion^ o 
walls, in addition to that by conduction through tube and wires. 
Experience has shown that a thermocouple located in the hot 
where it can '“see 1,1 cooler surfaces may indicate temperatures 
too low when the actual gas temperature is 70OK. The radiauion 
error decreases as the area of the radiating surface of the 
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%: netion or tube is decreased, Consequently, this area should be 
JJVJjg as small as possible, consistent with mechanical strength. 

J, . The errors from conduction and radiation can be decreased by 
inducing a high velocity of flow past the sensitive-element. This 
'•increases the convective transfer of heat to the element. This is 
Hhe principle of the suction or aspirating pyrometer , which should 
‘ used for hot gas measurement. 

Radiation errors may also be reduced by enclosing the sensi¬ 
tive element in a radiation shield , which may consist of two or 
more concentric cylinders of materials of low emissivity, which 
; prevent the sensitive element from "seeing" any significantly 
cooler surface, but still permit a free flow of gas past the 
■junction. 

Finally, if the purpose of the measurement of the temperature 
of the gas is to work out a heat balance, it is not sufficient to 
rneasure the temperature at only one point in the gas, since the 
flow is invariably more or less stratified. It is also not suffi¬ 
cient to just measure the temperature simultaneously at a number 
of points in a duct, since the velocity of flow, and consequently 
the mass of.gas represented by each measurement, is variable from 
point to point. The rate of flow at the various points must be 
measured by traversing in equal increments across tv/o diameters at 
right angle to each other, as shown in Figs. 3,3-7 and 3.3-3. The 
points in the ducts represent locations within equal cross-sectional 
areas, and the average of flow and temperature measurements made at 
these points is then used to calculate the stream average heat 
flow, 3 

Temperature measurements in molten metals are made using 
disposable Pt-Pt/Rh or W-Re thermocouples contained in cardboard 
sleeves that fit over reusuable steel lances, which contain the 
compensating lead wires. The accuracy of temperatures measured by 
this technique is thought to be + 5°C at 1600°C t (1S73K). 

3.6.2 PRESSURE THERMOMETERS 


.The pressure or fi1led-system thermometer is generally a 
liquid- or vapor-filled bulb, A, connected by pressure tubing, B, 
to one of several pressure-activated devices, C, as shown in Fig. 
3-6-1. The expansion and contraction of the fluid in the bulb," 
response to temperature change is thus communcated as a pres¬ 
sure change to the helix or spiral gauge, which can then record 

uL!^ 1Vd f e a L lfl€chamsrTI dS the application requires. The liouid- 
por system has an advantage over the other systems in that the 
vapor pressure is set by the bulb temperature, and consequently 
- ^.temperature within the capillary gauge system are ynim- 

h Tab[e 3 * 6 ‘ 1 91 ves the ranges of usefulness of various 
types of pressure therfaometers . 

3.6.3 RADIATION'PYROMETERS 


pnorn« Ver { object above absolute zero radiates electromagnetic 
Y 3 wnose amount and t.vnpi rfpnpnrl nn fhp to-nnarLfiirr rt-F 


SAMPLING AND MEASUREMENTS 



Figure 3.6-1 Principle of operation of a pressure 
thernometer. 


object. Thus, sensing of the radiation from an object is a non¬ 
contact method for temperature measurement. 

Radiation pyrometers are the only instruments that can be use-: 
to measure temperatures above those at which thermocouples c ^ 
used. Frequently they are more convenient than thermocouples 
use at lower temperatures. They are of two general types, tne 
optical pyrometer and the total .radi ati on pyromets.r. 


The optical pyrometer measures the radi ant emi ttar.ce , I N *> °£ al 
a surface at a known wavelength. The disappearing filam - ^ 

. . +.„ r-i „ r> rnntkt*: nf r tpleSCODS fOC producing 
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Figure 3.6-2 Conventional di sappeari ng-fi 1 amen t pyrometer, 

image of the hot object in the plane of a filament whos® brightness 
can be adjusted to match that of the object; a method of measuring 
the filament current; and a filter to permit the brightness com¬ 
parison to be made at a given wavelength of light (usually 0.63 
micron, which is red light). The temperature measurement is made 
by adjusting the intensity of the light from the filament until it 
is invisible against the image of the hot object. 

It is obvious that great errors in reading can result if 
appreciable light absorption occurs between the hot object and the 
objective lens of the telescope. Such absorption may occur in 
smo<y and dusty air. Precautions should be taken to avoid errors 
or this type if good temperature readings are to be obtained. (The 

C !? rr ?!l t l! 0n for a c1ean ’ clear glass window is negligible.) It 
should be noted, however, that no corrections are necessary for 
distance between the ‘hot object and the instrument itself. 

Unfortunately, the radiant emittance of most surfaces is not 
•perfect that is, most objects are not blackbodies, and therefore 
ine accuracy of temperature measurement by radiation pyrometers 
depends on the accuracy of the emissivity, e^, used in Eq. (3.6-1): 

r — Cp / A.T 

= C l*" e (3.6-1) 

'l’lltIV U t 5 e wave , len 9 th ’ C 1 and c 2 are constant, and T the abso- 
lute temperature. Most of the emissivity values reported In 

fa« 't 6 k 2, ^ 1M t U e merature ’ for polished metaVsur- 
in 7 Ml S 1S - a condition fulfilled only by molten metals 

a vacuum 0 r m an entirely. J nert atmosphere. On the other hand 
the emissivity of rough" fifeiafWaces and of those with an oxide 

fore' 1hi S indi S1 ?Tt ly hl9he - r ’ and often a PP r °aches 1.0. There¬ 
to the^ctua ? 1 temperatureJ atlJreS ° f the3e SUrfaces W1 ' 1T close 
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Table 

3.6-2 

Emissivity of Various 

Materials for Red Light (* = 0-63 

Material 

£ 

Material 

5 i 1 ve r 

0,07 

Cuprous oxide 

Go!d-solid 

0.13 

Iron oxide-SQG°C 

1 iquid 

0,22 

1000°C 

Platinum-sol id 

0.33 

1200°C 

1 iquid 

0,38 

Nickel oxide-800°C 

Palladium-solid 

0,33 

f 1300°C 

1 iquid 

0,37 

Iron-solid and 1 iquid 

Copper-solid 

0.11 

Nickel-sol id and liquid 

liquid 

0.15 

Iridium 

Tantalum- 1 1D0°C 

0.60 

Rhodium 

2600°C 

0,48 

Graphite powder 

Tungsten-2000°C 

0,46 

Carbon 

3GQ0°C 

0,43 


Nichrome-600°C 

0,95 


9O0°C 

0.90 


1200 °C 

0,80 


* Bureau of Standards T.P 

. 170, 


The emissivity of an 

object, 

c, also varies with its 


0.70 

0.98 

0.95 

0.92 

0,96 

0.85 

0.37 

0.36 

0.30 

0.36 

0.95 

0.35 


ture. This is the basic limitation on the accuracy of most radia¬ 
tion pyrometers. If the emissivity is known, a correction to the 
reading may be made to obtain the true temperature, using Fig, 
3,6-3. 


Ratio (two-color) pyrometers are, in effect, two narrowband 
(brightness) pyrometers coupled electronically to compute the 
temperature from the ratio of the intensities at two wavelengths. 
Ratio pyrometers do not require emissivity compensation when the 
emissivity is independent of wavelength/ 

Optical pyrometers utilize only a short range of wavelength 
for observation to measure temperature. Another class of instru¬ 
ments, total radiation pyrometers , uses as wide a band of wave¬ 
lengths as possible. Nominally these pyrometers obey the Stefan- 
Boltzmann law, 


w = co( tJ - T 4 } (3.6-2) 
1 0 

where W is the total radiation, e is the total emissivity of the 
radiator* T-| is the (absolute) temperature of radiating body, T q 
is the temperature of the measurinq or receiver body* and ct is a 
constant which equals 5,6697 x ICr® Witt 2 K . This law applies 
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Figure 3*6-3 Corrections for Emissivity to Temperature 

Observed with Optical Pyrometer* The curves 
for emissivity values ranging from e = 0.18 
to c = 0*95 show the additions to be made to 
the pyrometer reading* Computed for Cg=]4,380 
and x = 0.65p. (Thermochemistry for Steel making, 
Vol. II, J. F. Elliott, et al., Addison-Wesley, 
Reading, Ha* 1963), 3-4T. 

for the total radiant energy of all wavelengths. In practice, 
total radiation pyrometers do not use all wavelengths because of 
absorption by the optical system. Thus they not strictly obey 
the Stefan-Boltzmann law. Accordingly, total radiation pyrometers 
are always empirically calibrated* 

Emissivity corrections must be made for total radiation pyro¬ 
meters, but, as different wavelengths are involved, the corrections 
are different from those r used for optical pyrometers. Emissivity 
values for use with radiation pyrometers may be found in the liter¬ 
ature, but at best they can be considered to be only approximate* 
The best method to determine emissivity corrections for total 
radiation pyrometers is to make simultaneous readings on the sur¬ 
face in question with both an optical and a radiation pyrometer, 
and then to determine the true temperature by applying the appro¬ 
priate correction from Table 3*6-2 and Fig* 3,6-3 to the optical 
pyrometer reading* The corrections for the optical pyrometer are 
much more reliable than those available for total radiation pyro¬ 
meters, because the wavelength is known* 

3/7 FLUID FLOW MEASUREMENT ' 
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Figure 3*7-1 Various flow totalizers (-a).Rotary vane meter, 
(b) nutating disk meter, and (c) liquid-sealed 
gas meter* In each case, the shaft feeds a 
mechanical counter. 


mass-flow rates of fluids as well as solids and liquids weighed in 
batches. For measuring flows in closed conduits or ducts the re 
are a wide variety of devices and techniques available. e 

3 .7-1 lists some of these and their ranges and accuracies. 

3.7.1 FLOW TOTALIZERS 

There are many flow totalizers available which react mechan¬ 
ically and directly to the passage of fluid. A. common type is_ ■ 
volumetric meter, called the rotary vane meter , which is appnc 
for either liquids or gases. For metering and total i zmgwat- 
other liquids, the rotating disk meter is used. For totalizing 
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fjaS flows, the may be employed. These are 

kii 1 L/strated in Fig, 3,7-1 . 

Table 3,7-1 

Measurement Characteristics of Process Flow Meters* 
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3.7.2 VORTEX METERS 

The swirl me ter is a volume flow measurinq 
gases. The fluid entering the swirlmeter goes 
stationary swirl blades which impact a swirling 
center axis of the meter, as in Fig. 3 7-2 A 
advances through the meter like a screw _ Th“ p 
is determined by the swirl blade and body shape 
can detect the passage of the vortex (via a de 
is used to measure the flow rate: the rate of 
sensor is proportional to the fluid velocity" 
deswirled at the exit. The same principle is a 
vortex meters. 


device for USe on 
tn rough a set of 
motion around the 
vortex forms and 
itch or the vortex 
■ A sensor, which 
rease in pressure) 
vortices passing the 
The gas is then 
Iso used in liquid 



Figure 3.7-2 Cutaway view of swirlmeter. 


3.7.3 MAGNETIC FLOWMETERS 

Electromagnetic flowmeters have applications to the measure¬ 
ment of volume flow rates of liquids wi th r conducti vities of at 
least 20 micromhos per cm. The principle involved is Faraday's 
law of induction-in which a conductor (the liquid) moves through 
a magnetic field ^tab! lshed by electromagnets surrounding the 
non-conduct! ng "pi pe, thereby causing a voltage to be developed 
across the liquid. The arrangement is shown in Fig. 3.7-3. The 
flow is given by the equation 
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A-C 

Power 


0 

Volt* 


Figure 3,7-3 Magnetic flowmeter arrangement, {Ref 8 
■Watson, E&MJ , 174 , (1973), 96.) 


n d V 

q = K ^^6 ] ' ( 3 - 7 - 1 } 

ffn^F" 5 VOlurne flow rate ’ K is a flow coefficient, d is the 
fipiH Vi 6 '" d ‘ ameter > Vq voltage developed, and E the magnetic 

/!“ *«»»• within 0.99 - 1.01 If 6 is till 

wicmn the proper range. r 

3.7.4 VARIABLE AREA METERS 

tion in h thP ff erS ar ! ba3ed on the P^nciple of placing a res trie- 
resSonriinn ^ ^ stream, creating a pressure ‘drop and a cor- 

9 change in flow velocity through the restricted flow 


Flow 


Electromagnet 


SAMPLING and measurement 


U I G l! ■ 




pi A 

as the #locity changes. The most conran type'of"area'retell! h 
a rotameter -is illustrated in Fig. 3.7-4. In a rotameter afi-tr 
moves past the float and maintains it in suspension If the ff 1d 
is at some equilibrium position corresponding to some mass fin.' 031 
rate and then the mass flow rate increases, the float rises 
However, as the float rises, the tapered tube presents a larcer 
cross-sectional area for flow, and the velocity of the fluid*" 
between the float and the tube wall decreases, so that a new equi¬ 
librium position is eventually reached. * 




I s uw 


The variety in designs of rotameters is so great that there 
does not exist one relationship valid for all types of rotameters 
to describe how the mass flow rate varies with height. However 
manufacturers usually supply calibration data for their devices * 
each set of data being appropriate for a specific fluid. 


Out 



Figure 3.7-4 Schematic diagram of a rotameter. 

3,7.5 VARIABLE HEAD METERS 

' 

In some circumstances, such as when large volumes of hot, 
dirty gases are present, direct measurements are out of the ques¬ 
tion and more indirect means of measuring the flow are required. 
There are two basic categories of meters for this purpose: velocity 
meters and head meters. 

Velocity meters : A commonly encountered velocity meter is 
the pitot-static tube which measures local velocities. The pitot 
tube consists essentially of a tube with an open end facing the 
stream, as shown in Ficr. 3.7-5, The velocity of the fluid along 
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, Low-pressure 
side, P i 


High- 
pressure 
side, P 2 

Figure 3.7-5 Pitot-static tube and recommended dimen¬ 
sional relationships. 

the streamline x-y decreases to zero at the tip of the pitot-tube 
opening. Other openings along the side sense the static pressure. 
Applying a mechanical energy balance, the velocity of the fluid 
is given by 


= c iJ 


< P 2 - p l> 


(3.7-2) 


where C is the pi tot-tube coefficient, usually a value between 
0.98.and LOO. The measurement* experimentally, is of (Pp - Pt), 
meaning that the accuracy of V, depends on the accuracy of the 
pressure head measuring device! 

Because the pitot tube measures only local velocities, a 
traverse .of^the conduit must be made in order to obtain the com¬ 
plete profile, ■ To obtain the density p, we usually measure the 
temperature and pressure upstream from the probe tip. Probing is 
aone following the same pattern as in Figs, 3.3-7 and 3.3-8, 
v r erage flow is then calculated from the results of the Survey, 
e accuracy of velocity, and therefore mass flow rate, determi na- 
n5 made using pitot tube traverses is rarely better than 

^ He^d—meters,; There are-essenti a 1 ly three types of head 
ti on j’ ?? cal led because all of them place some sort of restric- 
tne t aw line, causing a local increase in the velocity of 
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the fluid and a corresponding decrease in the pressure head TKa 
simplest is perhaps the orifice plate , illustrated in Fig. 3 7 _ 6 T 
however, the venturi meter and flow nozzle (Figs. 3,7-7 and 3 7-8' 
are based on the same principle, and the same group of equations 
apply to all of them. Theoretically, when the mechanical’ energy 
balance- is solved for the average velocity, V£ a at location" ( 2 ) 
in each case, 



Y c IfjflV- A' 

This is the theoretical velocity at the vena contractswhich dis¬ 
regards frictional energy losses and can never be achieved in 
practice. Therefore a discharge coefficient Cq which accounts for 
such losses and an additional geometric factor is introduced. The 
largest pressure drop is measured at the vena contracta, but_it is 
more convenient to relate the velocity at the orifice plate V Q to 
the pressure drop, (Pi - P£), and at the same time use the diameter 
of the plate opening D 0 instead of the diameter of the vena con¬ 
tracta. Thus, a more useful form of the expression is 


V 


0 


2 (P] - P 2 ) 

P (1 - B 4 ) 


(3.7-4) 


in which B = D^/D^■ 



)tj 



(1) 

1 

K : 

\D, | (2) 

1 I 

T ! 

jt_^ 





Figure 3.7-6 Orifice meter 
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Figure 3.7*7 Venturi meter 


Flow 
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Orifice plates are the simplest and cheapest types of head 
niters, but they also cause the largest permanent pressure drop 
in the system, i.e. the pressure difference, P 2 - , across the 

orifice is not entirely recovered. 

The design of the venturi meter is such that a gradual 
restriction in flow area precedes the throat, which is a short, 
straight section; then the flow area gradually returns to the ori¬ 
ginal area* A venturi tube is nearly frictionless under turbulent 
(high) flow conditions, so that the typical values of Cp are 
between 0.98 and 1.0. However, in laminar (low) flow, Cq drops 
rapidly and calibration data should be consulted. For venturi 
meters, the permanent pressure drop is much lower than for orifice 
plates and may be approximated as 0,1 (?2 ■- F^), 

Nozzles are similar to orifices in some respects, but are 
designed .so that the discharge is preceded by a smooth contracting 
passage. As a result, the permanent pressure drop corresponds 
more closely to that of an orifice than of a venturi* 

The accuracy of indicators and the size of primary devices 
for variable-head devices are given in Table 3.7-1, 

3.8 PRESSURE MEASUREMENT 

Occasionally, in systems where a gas phase is involved in 
the process, it is necessary to measure and record pressures. In 
metallurgical processes requiring material and energy balance 
analysis, this rarely involves pressures outside the range of 10 
atm. to IQ" 6 atm- Measuring characteristics of instruments used 
for this purpose are presented in Tables 3.8-1 and 3,8-2, 

3.8.1 POSITIVE PRESSURE 

For positive pressures, a sensing device having some form 
of elastic element is used for pressures above 5 atm. These 
elements may include helixes, spirals. Bourdon elements, etc* For 
lower positive pressures and for compound positive/vacuum ranges, 
manometers and bells are commonly used. Manometers may utilize 
mercury or water or oil as the fluid, depending on the range to be 
covered. An inverted bell is illustrated in Fig. 3.8-1. 

3.8.2 VACUUM 

The McLeod gauge is a vacuum manometer capable of measuring 
intermediate vacuums* 

Thermal-type vacuum gauges operate on the.principle that the 
heat conductance of a gas changes with the density, and thereiore 
the pressure, of the gas. Thus, a thermal-type gauge is comprise- 
of two major elements —a heated surface and a temperature sensor. 

As the pressure decreases, the gas is less able to extract heat 
by conduction away from the heated surface, and the temperature 
sensor picks up this effect. Generally, one of two kinds cn 
temperature sensors 'is used* In the thermocouple vacuun_ giug£» a 

_ _ 1 _ 4-t_ -if iM-arhsrl tn 3 hp^ filament thcJ - b 
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Lever arm ^ 



Figure 3.8-1 Inverted bell measures pressure by displace¬ 
ment of the bell, whose motion Is transmitted 
through a diaphragm. 

heated by a constant energy d*c. Input. In the resistance-type or 
Pi rani gauge , the same heating principle is used, but the tempera¬ 
ture is sensed by a change in the resistance of a wire or semi¬ 
conductor. 

Ionization-type vacuum gauges measure the electric current 
that results from ionization of a gas whose pressure is being 
measured. The differences between various ionization gauges 
relate principally to the manner in which the ions are produced. 

To convert a gas molecule into a positive ion, an electron must be 
removed by supplying energy equal to the . ionization potential of 
the given gas molecule. The required A to 25 electron-volts may 
be generated in several ways. If the energy is supplied at a 
constant rate, the rate of ion production will be constant. Fortu¬ 
nately, this is very nearly proportional to the pressure of the 
gas. The pressure is therefore measured by measuring currents 
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Hot-filament gauges have sufficient energy supplied to ioniz^ 
the gas by means of electron bombardment. Electrons are derived 
from, the mi on i c emission as in an ordinary vacuum triode. ~i n 
cold-cathode gauges , a high-potential field withdraws electrons 
from a cold-cathode surface, 

3,9 CHEMICAL ANALYSES 

Once a significant sample has been obtained, an accurate 
chemical analysis must be made. The technique(s) used to obtain 
the analysis will depend on the physical condition (solid, liquid, 
particulate, etc.) and the nature (metallic, oxide, silicate, etc.) 
of the sample as well as on the level of concentration of the ele~ 
ment in question. In turn, the technique used will govern the 
accuracy of the result. 

Fig. 3,9-1 shows the optimum ranges for application of 
various analytical techniques. Table 3-9-1 indicates the usual 
form of the sample required in each case and some estimate of the 
time involved In preparation and analysis of each sample. 


1 -fQy diff rQC?i{]fl 
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Figure 3.9-1 Ranges of application of various analytical 
techniques. (Ref. Undergrad uate instrufflenj-aj. 
Analysis , J. W. Robinson, Marcel oekker , 
Inc., New York, N.Y. 1970) 
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JChenical Analyses 


I^hission Spectroscopy Solid Disk 

(Compacted 


'f Atomic Absorption 



Table 3,9-1 


Forms and Analytical Times for Various Analytical Techniques 


Preparation Analytical 
Sample Time y 1 ‘ ITie 


powder) 

Solution 


Minutes Fast (seconds) 


Depends on Fast 
sample-slow 
if solid* 
fast if 
sol ufi on, 


BfiP^Cdiorimetric Analysis Solution 

fflpg;..: 

ULTX-Ray Fluorescence 


X-Ray Diffraction 
Gra vi me tri c 

|p§|v' 

; Volumetric 

§§ .v,: Fi re Assaying 


' Gas Chromatography 



Soli d- 
powder 

Solid- 

powder 

Variable 

Solution 

Powder 

Gas 


Minutes 

Mi notes 

Hours 

Hours 

Hours 

None 


Moderate 

Fast (if - auto¬ 
mated) 

Slow 


Slow 

Slow 

Slow (hours) 

Moderate 

(minutes) 


|# : Infrared Absorbtion 


Hare Photometry 


Gas s liquid* None, if gas Fast 


sol id 
Sol ution 


or liquid 


Fast 




f 3.9.1 EMISSION SPECTROSCOPY 

T or samples, _emis$ion spectroscopy is the fastest 

i si t^T ient f thCd anaiy^s. She solid metal specimen 

with Se ian-S/ei e T nC ^ Whl ' Ch excites electrons associated 
return tt? elements present in the metal. As the electrons 

radiation withTThT^ r Lates . from the excited states, they emit 
enitT ? A' Characteristic wavelength. The intensity of the 
various I s proportional to the concentrations" of the 

absorption pffprt^T ’* th u sampls ’ subject to'correction for 
P n effe ^ts due to the presence of other elements in the 
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sample (matrix effects}. Using photomultiplier tubes and automatic 
equipment, simultaneous determination of the concentration of 
twelve or more elements can be made. The precision depends on the 
concentration. If the concentration is 1 to 10%, as little as IP 
relative error can b* achieved. If the concentration is on the 
order of ICT^ to 10 the error may be 5% of the value. It must 
be noted, however, that a relatively small part of the sample sur¬ 
face is subjected to the arc (burned) and if there is significant 
segregation within the sample, large errors (5-25%) could result. 
Brooks and Whittaker* have reported what they feel are the accu¬ 
racies of analyses obtained using a modern automatic emission 
spectrograph (Quantovac). Their results are presented in Tables 
3.9-2 and 3,9-3. 

3.9,2 X-RAY TECHNIQUES 

X-ray diffraction and fluorescence both require a finely 
ground powder sample prepared in such a way as to provide a uni¬ 
form, compacted sample. In diffraction , the intensity of a beam 
diffracted from a particular plane of a specific crystal is 
measured, and by comparison to a standard Intensity, the amount of 
that crystal phase present (not an elemental analysis) is Inferred. 
The sensitivity limit is about 1% and the accuracy is rarely 


Table 3.9-2 

Accuracies of Analysis of Elements Obtainable From Sound Low-Alloy 
Steel Samples Using a Vacuum Emission Spectrograph 


Element Level . Accuracy 


Carbon 

At t* 

+ 0 . 02 " 


At 0.25% 

+ 0.01 

Manganese 

up to n 

+ 0.02 

Sulphur 

Above 0,03% 

+ 0.004 


0.015-0,03% 

+ 0.002 


Less than 0.015% 

+ o.ool 

Phosphorus 

Up to 0.05% 

+ O'. 0025 

Nickel 

At 1% 

+ 0.03 


For eacli 1% over add 

+ o.or 

Chromium 

At 1% 

+ 0.03 


At 9 % 

IX of conten 

Molybdenum 

Up to 0,3% 

+ 0.015 


Above 0.3% 

+ 0.025 

Copper 

Re sidu a 1 

+ 0.01 

Tin 

Residual 

+ 0-.002 


* C. H. Brooks and R. Whitaker, article in Control and Composit ion 
in Steelmakinq, The Iron and Steel Institute, London, 1956, 
p. 103. 
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Table 3.9-3 


Accuracies of Analysis of Stainless Steels Using the Non- Vacuum 
Emission Spectrograph fQuantometer[_*_ 


* From Brooks and KM taker, op cit. 


Element 

Level 

Accuracy 

Manganese 

Up to 2% 

+ 0,02% 

Silicon 

Up to IS 

+ 0.03 

Hi eke 1 

5 - 15% 

+ 0.15 

Chromium 

10 - 20% 

+ 0.20 

Molybdenum 

Up to 1,0% 

+ 0.02 


Up to 3,5% 

3 of content 



Tgure 3,9-2 On Stream Analysis System utilizing x-ray 
fluorescence analysis on automatically 
collected grab samples of mineral slurry. 
(Ref.: Otokumpu Oy publication) 

idenHff 13 ?-- U ’ , X ‘ ray dl ‘ ffra ctiDn is most useful as a phase 
- ication tool, rather than for quantitative analysis, 

used U n a X " r y" 7llJOrescenc -°' an x ' ra y beam from an x-ray tube is 

1 L XClte characteristlcx-radiatlon from the element ore- 

ment U Hi! sam P le - The intensity of the x-radiati^n from an ele- 
is then measured, and the concentration inferred, after 


sampling and 


MEASUREMENT! 
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Figure 3.9-3 Radioisotope used to excite x-radiation in 
mineral particles contained in slurry 
flowing past detector. (Ref.: Otokumpu Oy 
publication) 


inter*element correction factors have been applied. The sensiti¬ 
vity limit is said to be +_ 0.01%, but the accuracy in complex 
oxide, or sulfide systems is probably not better than +0,5% for 
elements present in concentrations of 5 to 50%. This technique 
is usually applied to a batch sample (which may be taken by auto¬ 
matic sampling devices from a continuous stream of ore pulp,, as in 
Fig. 3.9-2), but recently a technique has been developed in which 
both a radioisotope used to excite fluorsecent radiation from 
mineral particles and the radiation detector are placed directly 
in the process stream, as illustrated in Fig. 3,9-3. 

3.9,3 ATOMIC AB50RBTI.0H SPECTROSCOPY 

In recent years, the technique of atomic absorbtion spectro¬ 
scopy has found wide acceptance as an analytical tool, because it 
is relatively free of inter-element interactions and the resulting 
need for complicated corrections. Basically, the technique meas¬ 
ures the absorbtion by metallic atoms of spectral energy charac¬ 
teristic of .those atoms. The fraction of the spectra absorbed is 
directly related to the concentration of those atoms. 
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l, The spectra are generated by using hollow cathodes made of 
the metal whose analysis is desired, meaning that a different 
w,-cathode must be used for each element. The absorbing ata£ whose 
^•concentration is being determined are created by dissolving the 
g'ir. s anp 1 e into a liquid, which is then vaporized in a flame jn~thp 
feV. path of the spectra, as shown in Fig, 3,9-4, ___ " ln t,e 


fable 3.9-4 

Detection Limits for Atomic Absorption Analysis 
(Using Nitrous Ox ids-Acetylene Flame)* 


’Element 


IP 


3092$ 

2176 

1936 

5535 

2349 

2231 

2496 

4427 

8521 

3579 

2407 

3247 

4212 

4008 

4594 

3684 

2874 

2652 

2428 

3072 

4104 

3040 

2483 

3928 

2170 

6707 

2852 

2795 

2537 


De lection 
Li mi ts 


1 -0 ppm 
2.0 
0.2 
0.1 
0.1 
250. 

0.05 

0,1 

0.1 

0.1 

0.1 

1.0 

1.0 

2.0 

20.0 

1.0 

2.0 

1.0 

10.0 

2.0 

0.1 

0.1 

75. 

0.01 
0.03 
0.001 
0. 05 
1.0 


Element 


Ho 

Nd 

Ni 

Mb 

Pd 

Pt 

K 

Pr 

Re 

Rh 

Rb 

Ru 

5m 

Sc 

Se 

Si 

Ag 

Na 

Sr 

Ta 

Te 

Th 

Sn 

Ti 

W 

li 

V 

Y 

Zn 

Ir 


3133 

4634 

2320 

3349 

2476 

2659 

7655 

4951 

3460 

3435 

7300 

3499 

4297 

3912 

1961 

2516 

3231 

5890 

4607 

4714 

2143 

3775 

2354 

3643 

4009 

3515 

3184 

3988 

2139 

3601 


Detection 

Limits 


0.1 ppm 
10.0 
0.1 
20.0 
0,5 
1,0 
0.01 
10.0 
15.0 
0.1 

8:1 

10.0 

1.0 

1.0 

0.8 

0.01 

0.01 

0.1 

10.0 

0.5 

0.4 

0.5 

1.0 

1.0 

100 . 

1.0 

2.0 

0.01 

50.0 


J - w. Robinson, op C it. 
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Jens 


Figure 3.9-4 Schematic diagram of the’ equipment used for 
atomic absorption spectroscopy. 

The elements that can be determined quantitatively bv atonic 
Table 4 ^ l0Wer Hml ' tS ° f dete Ability are given In 

3.9.4 CHROMATOGRAPHY 

The process chromatograph takes a fixed volume of sample and 
separates it into its molecular components by absorbing all of the 
molecules from the sample onto a solid absorber in a chromato¬ 
graphic column. Then an inert carrier gas picks up the different 
components as they are selectively desorbed from the column and 
carries them one-at-a-time through a detector. 

The detector analyzes the gas discharged from the column. 
Usually^ thermal conduct!vity cell is used as the detector. Fig. 

c illustrates the general layout of a chromatograph and Fig. 

J.9-6 illustrates a thermal conductivity cell* which works on the 
principle that the heat conducted by a gas is di rectly-affected 
by tne gas composition, When a binary gas, the carrier plus-.rone 
0 . the process gas constituents, passes through the sample p'ort of 
the cell i the surface temperatures of the measuring filaments 
J1 ' ter from the temperatures at the balance condition. This causes 
a change in resistance of the filaments and ultimately this change 
is recorded as a concentration of the gas constituent. Calibra¬ 
tion for each gas constituent is required. 

It should be pointed out that a chromatograph is a batch 
analyzer f with each sample from a process stream having to be 
injected separately. Tne accuracy depends on the level being 
measured and on the calibration. Trace measurements in the PPM 
range are possible, but typical accuracies are + 1% of full-scalE- 































ft y ' 

Sample vers 

Tornperoftrre 
cnnirolled 



Figure 3.9-5 General layout of a gas chromatograph. 


3.9.5 INFRARED ANALYZERS 

Another common gas analyzer is the infrared analyzer This 
works on the principle that various molecules absorb radiation 
when some part of the molecule naturally vibrates at the same fre¬ 
quency as the incident radiation. In practice, a source of Wad 
lation provides a spectrum of frequencies from which the des red 
wavelength corresponding to the natural frequency of a part rular 
molecule is chosen and passed through the sample to a detector 
thrn^nh ^h° r mea i ure r the intensit y of radiation after Tt passes 

arXWt: !■ "A 

Kxrc~ 

s a ™ie B Ln h Se 9 nht a f he / re ^^ Cyi the ebsorbtion spectra of the 

tuJately TwScWp th U£ C ° mplete an5l * sis inferred - Unfor- 
,, S '! lf i Pracuce there are considerable difficulties with 

S' a | ’ ! ° f tie eqwp™„t. While qualitative 

red analvzpr- , " 6 ^ easy ’ quantitative analysis is not. Infra- 
in hp^ti - 0 U5Ed most often t0 unitor CO, CO?, H ? , CHa etc 
01 treaunc and iron and steelmaking facilities. w 1 

3-9.6 GASEOUS OXYGEN ANALYZERS 

com 6 ustion°efficien- ter ‘ t r° f 11^ 93S is an im P or ' t = r| t indicator of 
a continuous hl^! ^ F ° r thlS reason U is often m °nitor e d on 
paramagnetic SdIcbdI- 1 ««»t coimion method makes use of the strong 
9 *s isp d r b of oxygen In this case the process 
filament on el 2 e? conductivity cell with a heated 

* trier side of the.stream, as shov/n in Fig, 3 , 9 - 7 . 
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Thermal conductivity cell 



Figure 3.9-6 Thermal conductivity analyzer has four-element 
celts whose filaments form a Wheatstone bridge, 
(from Chemical Engineering , May 6, 1968, p. 165). 


One filament is surrounded by a magnetic field and therefore the 
oxygen in the sample is drawn to that side, preferentially cooling 
that filament. The resulting difference in resistances of the 
filament is then used to infer an oxygen content of the gas. 

3.10 SUMMARY 

In this chapter, many of the measurement techniques and pro¬ 
blems involved in obtaining data needed for development of material 
end energy balances in metallurgical plants have been discussed. 

Accuracies of various measurements were presented as well as 
limits of applications. 
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Figure 3,9-7 Gaseous oxygen analyzer. 
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CHAPTER 4 


MATERIAL BALANCES 


4.0 INTRODUCTION 

Any metallurgical process involving interactions between 
two or more materials may have to be subjected to an analysis" 
involving a material balance. There are two distinctly different 
stages in the life of a process when balances must be made: "the 
design stage , where efficiencies of reactions are estimated, minor 
losses are often ignored or not anticipated, and exact material 
balances are computed, and the operational stage , where for pur¬ 
poses of process control or performance evaluation, real balances 
are determined by sampling aryl .measuring the various inputs and 
outputs of the process. The’latter is usually very difficult, 
because all too often the various balances do not close on account 
of measuring errors or the necessity to estimate weights of various 
process streams. In this Chapter the principles and techniques 
used for calculating and developing material balances will be 
presented and discussed. 

4.1 CONSERVATION OF MATTER (MASS) 

Just as in stoichiometric calculations, the basis for all 
material balances is the law of conservation of matter, which 
states that matter cannot be created or destroyed in a given system 

(Of course, this does not apply to nuclear reactions".) In the" 

case of stoichiometric calculations, this meant that the weight 
of products of a reaction had to equal the weight of reactants. 

In the case of processes, this is not necessarily the case. It Is 

possible to have an unsteady-state situation in which accumulation 
or depletion within the process may occur. In general , therefore. 

Mass Input - Mass Output + Mass Accumulation (4.1-1) 


Mass Input 


PROCESS 



4 Accumulation 


Mass Output 


The general equation for a continuous process would be 

Mass Input _ Mass Output + Mass Accumulation (4.1-2) 

.unit time unit time unit time 

In a continuous process, steady-state is defined as the 
state of a process in which there is no change with time of any 
condition of the process. This includes the amount and average 
composition of material wlthin the process, so that in a continue 
process operating at steady-state, there can be no accumulation 
depletion. Therefore, 
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Mass Input _ Mass Output 
unit time unit time 


’ process 


(steady-state) (4/1-3) 

On the other hand a batch process is never a steady-st*te 
- but usually does not involve accumulation, and' so 


Mass input - Mass Output 
Batch 


Batch 


(Batch Process) ( 4 .i_ 4 ) 


. evid / t + / at the _ba_sis eg., time, batch, etc for anv 

material balance depends on the process. It is usually chosen for 
convemence For examp e, the basis of a material balance fo? a 
fluidized bed roaster, into which a slurry of water and chalcopy- 
rite (CuFeSp) is continuously fed, along with enough air to rolst 
the ore to Fe 3 0 4 and CuS 0 4 , could reasonably be 


water + CuFeS, 


air 



S0 2 + N 2 + H 2 0 


4 rt 3 u 4 


0f air "- ° r ’«■» ° f S °'ids", 

be 1 ton of steel produced! '‘ 1C ^ furnace makln 9 steel would 

# 

mass, bu h t e to a tte f consnru^ SerVa ?’°? 3pp1ieS n0t onl * t0 tha total 
steady-state or”T S " ° eleme / s 33 Wel1 ’ That 
process mncf i th ' bch ’ the mass o. any element put into a 

pH of the ele?e a n,s dS K f ^ ele ^ nt of 

balance, it is ob^W *w ^ a ^ nces must equal the total mass 
there are just C inn/ there are c elements present, then' 

C+1 Possible ecuati^ons d Hn L * ™ SS ^ alances > even though there are 
ln Plage of any one elemen°al^hli the t0 r al ba!ance raa > be utilized 
of an ihhy i n y a laborer!l^-3 nce ' /or example, in the melting 
charge materials needed i-hvol ve^^u - calcalatl0n of the weight of 
are elements in the alloy ° fnakln 9 as many balances as there 
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(1) A 70S Hi-30* Cu alloy being made from mu- «■ 
and scrap containing 50% Ki and 50iS Cu wn ->iw 1 pure Cu 
equations to determine how much of each t * 0 

total weight balance and either a Cu or m k,i! to use: a 
a Cu and a Ni balance, (but not a total balance]^’ ~ b ° th 


(2) A/OS Ni-25% Cu-5S Sn alloy made from 
pure Ni, pure Cu, and pure Sn metal would 
equations: a total weight balance and two 
or three elemental balances. 


alloyed scrap, 
requi re th res 
elemental balances 


In melting problems such as .those above, in principle anv 
of the elemental balances may be used. However, in other cases 
this nay not be the case because the number of independent equa¬ 
tions may be reduced due to additional restrictions. Consider 
the following example, which illustrates the role of an additional 
restriction, the approach to setting up balances, and the differ¬ 
ence between a design stage balance and an operations analysis 
balance. 

EXAMPLE 4.1-1: An ore containing Fe 3 0 4 and SiO? is separafed by a 
magnetic separator into two streams; one rich in magnetite (Fe 3 0 4 ) 
and one depleted in Fe 3 0 4 . How many independent balances can be^ 
wri tten? 


Feed Stream (1) 

Magnetic 

( 2 ) Magnetite-rich 

■30iS Fe / 4 - 70S SiO £ 

.Separator 

Stream 





(3} 

Low Magnetite 
Stream 


Solution: There are three elements present, Fe, Si, and 0 , but 
they are not independent, since a definite proportion of oxygen 
is associated with the iron in one case and the silicon in the 
other and no transfer of oxygen occurs between them by reaction. 

In other words, in this system there are only two independent ele¬ 
mental balances, Fe and Si, or Fe 3 0 4 and SiOp. Additionally, of 
course, the total balance 

wt. of stream 1 = wt. of stream Z + wt. of stream 3 


can be wri tten. 
































Which balances to write will depend on what other informa- 
. j S available. For example, if the balance is being made at 
the desiSILii^’ product stream analyses are not available, but 
" l prej^rted Teparation efficiency is known, eg, , 9G% of the input 
cZq* g° es int0 P roduct stream (2), If the analysis of the feed 
stream, e.g. 30? Fe 3 0 4 , and the mass flow rate of that stream, 
e g. 1000 Kg/h, are known, the available data may'be represented 
as follows: 




Information 


Stream 


0) 

(Z) 

(3) 

Mass flow rate 

X 

0 

0 

pe 3 0 4 mass flow rate 

X 

X 

X 

$i0 2 flow rate 

X 

0 

0 

How only two independent 
Equation : 

equations can 

be written. 

For example. 


Total Balance: W 2 + W 3 = 1000 

FS3O4 Balance :[[0*9) {0,3){1000)I 2 + C(0.1)(0,3)0000}] 3 =[(0, 3)(1000)^ 

270+30 = 300 


or 

w 2 = 

270 

+ W SiQ 2 ln 

(2) 

and 

W 3 = 

30 

+ w sio 2 > 

(3) 


However, there is still not enough information to solve the com¬ 
plete balance. 

The 5iG 2 balance can also be written, but unless either the 
total mass flow of one of streams (2) or (3), or the analysis of 
either stream (2) or (3) are specified, the complete material 
balance cannot be solved. Tf it is assumed, i.e. assigned as a 
design variable , that the analysis of stream (2) is 20% SiOp, then 
Kg of he 3 0 4 is 80% of (2) and W SiQ in (2) is 67.5 kg. Now 
the balance may be completed, *■ 


W 2 = 270 + 67*5 - 337,5 kg, 

W 3 = 1000 - 337.5 = 662.5 kg. 

The analysis of .W 3 would then be (30/662,5) x 100 - 4.53% Fe 3 0 4 . 

Suppose now, however, that such a process is running and 
an evaluation of its performance, i.e,, its separation efficiency, 
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is desired. In this case an analysis of each stream but nnt 
necessarily the mass flow rate will usually be known* Pe 11 ■ 
that only two independent balances can be written: * ' caning 

jkFe^O/j a Fe qO jj n 

Fe 3 0 4 Balance: ( 100 ) * = ( 10 0 ^ ’ w j + *«, 

1 2 J 3 3 

% Si0 2 %S10 2 %Si0 o 

ST0 2 Balances: ( 10fl ) ■ H, - (-y^) ■ W 2 + E-^) . W 

1 4 3 J 

Now it is seen that there are two equations and three unknowns, W 1: 

and W 3 . Therefore, at least one mass flow rate must be known 
before the complete balance can be solved. If, for example, \U is 
measured and is TOGO kg/h, then the balance equations become: 

Total: 1000 = 1J \l z + 1,0 W 3 

Fe 3 0 4 : (0*3)(1000) = (0.3) W 2 + (0,03) U 3 

Si0 2 : (0-7) (1000) = (0,2) W 2 + (0.97) U 3 

If the analysis of stream 2 is 3% Fe 3 Q 4 - 97% 5iO z and that of 
-stream 3 is 80% Fe 3 Q 4 - 20% Si0 2 , solving the Fe 3 G 4 balance for 
W 2 = f(W 3 ) and substituting this into the Si0 2 balance results in 

W 3 = 649,35 kg 

and W z = 350,65 kg 

The separation efficiency is now found by back-calculating the 
Fe 3 0 4 split between streams (2) and (3). 

kg Fe 3 0 4 in (2) = (0, S)(350,65) = 280.52 

kg Fe 3 0 4 in (3) = (0,03)(649.35) = 19.48 

and the efficiency is 


280,52 


300 


= 0.935 


or 93,5% of the incoming Fe^Q* reports to the product stre 


am. 


This simple example illustrates a number of points, 

1. Enough information must be available to write compo¬ 
nent or total mass balances. 


2. The information available depends on the situation. 


3, The solution of simultaneous equations may be by 
different techniques. 
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Hass Input , Mass Output 
unit time unit time 


(steady-state) (4, 1-3) 


On tha other hand a bjstch process is never a steady-state 
' process, but usually dees not involve accumulation, and so 


Mass input = Mass Output 
Batch Batch 


,5atch Process) ( 4 , 1 - 4 ) 


■ 7 1 1 evid ^ nt tbat the basis eg., time, batch, etc for any 
material balance cepends on the process. It is usually chosen for 
convenience For example, the basis of a material balance for a 

■ , f ^ d ;" ed bed roaste r.> int ° whtch a slurry Of water and chalcopy- 
rite (CuFeSp) is continuously fed, along with enough air to rc^st 
the ore to Fe 3 0 4 and CuS 0 4 , could reasonably be “ 1 



.or°"minute^ of ^pe ration 1 ’" t0nS ° f ai> "’ or " tons of product solids", 

al balanc^a'unit 0 weiqht°of^Drodurt^ f aVB aS \ basi ' s for a materi ‘ 
a material balance ™ ™ ■ t- l° r example ’ the basis for 

be 1 ton of steel produced! tnC arC furnace m ^nq steel would 

•ass. brt e to" he 0f c “““ n t f = rv “ i0 " a w; (es "« o„l, to the total 
steady-state or ir a r + J l. elefT,erits as well. That is,“ar~ 
Process muct nnri i th atch ’ the | nass of a 4y element put into a 
an of the ,lS, a « ! h.?! thJt el ? rcat °“T- Sm« tnolo, of 
balance, it ill Ibl w Wt-TT must equal ths total ™ss 
there are iust r i n j a „ l 5 dt if there are C elements present, then 
C+1 possible equations 6 nC H nt mdSS balances, even though there are 

in place of any one elemental^baS’a^ balance be utilized 

°t an alloy in a labors ?^™' , For exam P la = in the melting 
charge materials np „j„j - 1 -^ , urnace , ca 1 cul a ti on of the weight of 

are elements in the alio- nV ° YSS makl " ng as man b' balances as there 


material balances 


(1) A 70S Hi-30* Cu alloy being made fron nm- m- 
and scrap containing 503 Hi and 50% Cu rh ? pure Cu 

equations to determine how much of each mate m fe ** 0 
total weight balance and either a Cu cr hi h-nT t0 use: a 
a Cu and a Mi balance, (but not a total balance)^’ ~ both 


(2) A 70S Ni-25? Cu-5S Sn alloy made from alloyed srre 
pure Ni, pure Cu, and pure 5n metal would require three’ 
equations: a total weight balance and two elemental h,L 
or three elemental balances. “ l * “lances 


In melting problems such as those above, in principle any 
of the elemental balances may be used. However, in other cases^ 
this may not be the case because the number of independent eoua- 
tions may be reduced due to additional restrictions. Consider 
the following example, which illustrates the role of an additional 
restriction, the approach to setting up balances, and the differ¬ 
ence between a design stage balance and an operations analysis 
balance. 


EXAMPLE 4.1-1: An ore containing Fe 3 0 4 and SiOj 
magnetic separator into two streams; one rich in 
and one depleted in Fe 3 04 - How many independent 
written? 


is separated by a 
magnetite (Fe 3 04 } 
balances can be 


Feed Stream (1) 

Magnetic 

( 2 ) Magnetite-rich 

■30£ Fe 3 0 4 - 70% SiO^ 

.Separator 

i.. 

---—---► 

Stream 


Low Magnetite 
Stream 


Solution: There are three elements present, Fe, Si, and 0 , but 
they are not independent, since a definite proportion of oxygen 
is associated with the iron in one case and the silicon in the 
other and no transfer of oxygen occurs between them by reaction. 

In other words, in this system there are only two independent ele¬ 
mental balances, Fe and Si, or Fe 3 G fl and SiOj. Additionally7 of 
course, the total balance 

wt. of stream 1 = wt. of stream 2 + wt. of stream 3 


can be written. 

































Which balances to write will depend on what other informa- 
. is available. For example, if the balance is being made at 
■ e an stage , product stream analyses are not available, but 
'T pr gj^teT 7eparfltion efficiency is known, eg., 90% of the input 
Fe-Oa goes into product stream (2). If the analysis of the feed 
stream, e-ff- 30S Fe 3 0 4 , and the mass flow rate of that stream, 
e _g, 1000 Kg/h, are known, the available data may"Be" represented 
as'follows: 


Information 


Stream 


0 ) 

( 2 ) 

(3) 

Mass flow rate 

X 

0 

0 

Pe 3 0 4 mass flow rate 

X 

X 

X 

S 1 O 7 flow rate 

X 

0 

0 


Now only two independent equations can be written. For example. 
Equation i 


Total Balance. 

: W 2 

+ W 3 


= 

1000 

Fe 30 4 Balance: 

: C(0.9)(0.3)(1000)]2+[(0.' 

1 )(0,3)(1000)] 3 = 

[(0.3)0000)], 


270 

+ 30 


- 

300 

or 

W z = 270 + 

W Si0 2 

i n 

(2) 


and 

U 3 = 30 + 

W ST0 2 - 

i n 

(3) 



However, there is still not enough information to solve the com¬ 
plete balance. 


The SiO z balance can also be written, but unless either the" 
total mass flow of one of streams ( 2 ) or ( 3 ), or the analysis of 
either stream ( 2 ) or (3) are specified, the complete material 
balance cannot be solved. If it is assumed, i.e. assiqned as a 
design variable , that the analysis of stream ( 2 ) is 20 * SiOp, then 
m kg or Fe 3 0 4 is 80% of (2) and W $1 - 0 in (2] is 67.5 kg. Now 
the balance may be completed. ^ 


W 2 - 270 + 67.5 = 337,5 kg. 

W 3 = 1000 - 337.5 = 662.5 kg. 

The analysis of-W 3 would then be (30/662.5) x 100 = 4.53% Fe 3 0 4 . 

Suppose now, however, that such a process is running and 
an evaluation of its performance, i.e., its separation efficiency, 
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is desired. In this case an analysis of each stream but not 
necessarily the mass flow rate will usually be known.’ Recall in 
that only two independent balances can be written: " ' 


, SFe 3°4, 

fe 3 0 4 Balance: ( 1DQ ~ ) 


M00 } 



+ 


f XFe 3°4 


100 



% Si0 ?> 

SiOj Balances: { ^qq } 


100 2 W 2 + 


%Si0 ^, 

MOtT- 1 - W 
3 0 


Now it is seen that there are two equations and three unknowns, W-,, 
W 3 . Therefore s at least one mass flow rate must be known 
before the complete balance can be solved. If, for example* is 
measured and is 1000 kg/h, then the balance equations become: 


i 


Total : 1000 = 1.0 + 1.0 W 3 

Fe 3 0 4 : (0.3)(1000) = (0.3) W z + (0.03) W 3 

5i0 2 : (0.7)(1000) = (0.2) W 2 + (0.97) U 3 

If the analysis of stream 2 is 3% FejO^ - 97% Si0 2 and that of 

.stream 3 is 30% Fe 3 O 4 - 20% $ 102 , solving the ^304 balance for 

W 2 = f{W 3 ) and substituting this into the SiO 2 balance results in 

W 3 = 649.35 kg 

and W z = 350,65 kg 

The separation efficiency is now found by back-calculating the 
Fe 3 G 4 split between streams (2) and (3). 

kg Fe 3 O 4 in 

kg Fe 3 0 4 in 

and the efficiency is 


or 93,5% of the incoming 

This simple example illustrates a number of points. 


(2) = (0,0)(350,65) = 280.52 

(3) = (0.03)(649.35) = 19,48 


= 0.935 
300 


Fe 3 u 4 reports to the product stream. 


1. Enough information must be available to write compo¬ 
nent or total mass balances. 

2. The information available depends on the situation. 

3. The solution of simultaneous equations may be by 
different techniques. 
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Referring to the latter point, note that in thp first r^ P 
!the solution, once enough information was available, was direct 
: i. e. i ° r ' e equation was solved and its solution used diVar-Tp^f 1 
solve the otner one. In the performance evaluation case s multa- 
ne^somipr^ Of two equations was required, since the un knowns 
-MPr e pre sent in pot:.^e quations . In the next section we will c'vT- 
sider the various methods of solving eouations that -arise in 
material balance problems. 

4,2 SOLUTION OF SETS OF EQUATIONS 

In general material balance problems require the solution 
of a set of equations such as 0 

X 1 = f ( x 2 , X 3 , . x n ) 

X 2 = f f x l * X 3 • . X n ) 


X n = f < x 1 > X 2 1 . X n _ T ) 

These equations are usually linear, of the form 


a i X i + a i+l X i+i + a i +2 X i+2 + 


■■ = b i 


where a^ , b- are numerical coefficients. The linearitv arises 

I 0 *™!/ faCt that the vaHables X T X z , etc., Ire not raised to 
any power, nor present as a function such as log X, etc. 

4.2.1 PARTITIONING OF EQUATIONS 

able TVesl rln^n ^ 6 ! quatl '°?i’ bas ed on the information avail- 

,his prcceS5 ' is ca,,ed 

partitioI'theM^rlr 1 . ( “ r5an '“ d !eries of to folio.) to 

order in whirh equations in order to determine the precedence 

Ey~lee et a |M h ~ ^ uatlon ;T ar e to be solved, has been developed 

ii'Ios to Jo silvJdT ' that there are f0ur !0uati0 " s 


ng 


T ^ X 1 ’ X 3^ " 0 
F 2 (X l5 x z ) = 0 

f 3 (X 3 , X 4 ) = 0 
f 4 (X 4 ) = 0 


0 ) W . I ap 1 Lf ri _ . , . 

* ' cb n sti ensen and D.F. Rudd, A. I ,Ch . E. J , .1 ? (1966). 


Vie first prepare the structural 
marking in a matrix where a variable* 
occurs in an equation, represented by 
case, (x indicates the presence of a" 


material balances 


whi ch consists of 


/ J .. '-Wiliisis OT 

xTo” ond |;^.» 

variable , 


in this 



Z 

3 

4 


x x 


X 


X 


X 


Then apply the following algorithm: 

1, Locate a column in which only one x occurs and delete 
that column and the corresponding equation in which 

■ the x is found. 

2 , Repeat 1 until no more equations can be deleted. 

3, If no more equations remain, the order of equation 
solution for numerical value of the variables is the 
reverse of the order of elimination. This is the 
precedence order . 

In this case, and Eq, 2 can be eliminated. 


Equation 


i 

i 

[Variables 


x i 

*2 x 3 


i 

X 

-a—=—————- 

i 

: * 




i 

i 




i 


3 


i 

* 

X 

4 


i 

> 

E 

X 


and then and Eq, « s 
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Equation 


Equation 



h 


Variables 


X2 


X3 




Variablqs 


|3 


X 4 


Finally and Eq. 4 are eliminated. Thus the set of four equa¬ 
tions and four unknowns can be solved one at a time by solving, in 
order, Eq. 4 for X 4 , Eq. 3 for X 3 , Eq. 1 for X-[, and finally Eq. 3 


for X 



h^ 0 - 


This 


is certainly simpler than solving all four simultaneously! 

§ 0n the other hand, suppose that Eq. 4 had been F- (X-*, X- ) 
instead of F 4 (X 4 J. Now, when Eqs. 1 and. 2 have been eliminated 

re, . n 5 ’Anther elimination is possible'and simultaneous 
jQiution of F 3 and P 4 for X 3 and X 4 is required. The techniques 


material balances 


for simultaneous solution of linear equations will be discussed 
next* but first the reader should reflect on the usefulness of 
the above approach in reducing the computational effort* particu 
larly as the problems get larger. 


EXAMPLE 4.2-1: Find the sequence of equation solution needed for 
calculation of the proper charge to make 100 lb of alloy with 

composition 70% Cu - 20% Zn - 8 % Sn - 2% Fb in an induction fur¬ 

nace. The materials available are: 

Scrap brass 68 % Cu - 32% Zn 

Commercial copper: 100% Cu 

Commercial lead : 100% Pb 

Commercial tin : 100% Sn 

Solution: There are four unknowns: Weights of brass and commer¬ 
cial copper* lead and tin. Since there are four elements , four 
balance equations may be written. Assuming the four element 
balances are used (not the total balance), the equations would be 


Cu 8 a1ance 

: 0.58 W Brass + 

1-0 “com Cu = (0.70K100) 

Zn Balance 

: 0.33 U Brass 

= ( 0 . 20 ) 000 ) 

Sn Balance 

‘ ^ W Com Sn 

= (0.08)000) 

Pb Balance 

: 1 - C W Cora Pb 

= (0 . 02 )( 100 ) 


The structural array is then: 



Equation 

Unknowns 

^Brass ^Com Cu ^Com Sn 

vrd” 

"Cori py 

l- 

1 . 

Cu Balance 

X x 

i 

} 

i 

1 

2 . 

Zn Balance 

X 

i 

1 

i 

3. 

Sn Balance 

X 

t 

1 

4t— 

—Pb-Ba4anee— 

1 

! 

1 

1 

1 

t 

I 

1 

\ 

1 

1 

1 

1 

1 

l 

1 

1 

1 

1 

I 

1 

1 

1 

1 

* 

i 

1 

1 

L 

1 

1 

1 

1 

1 

1 

i 

Applying 

the algorithm. 

u _, and Eq, 4 can be eliminated 

Com Pb n 
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Equation -- —Unknowns 

/J Brass w Cnm r„ W 



cum cu conj bn 

1 

X -X ! 

Rf 2 

x 

§l£t{ : ----- 

1 

1 

1 



§ J J hen > W Com Sn and Eb ‘ 

3 are eliminated 

I'iyV. Equation 

Unknowns 

W Brass W Cot|i Cu 

7- - - - 


2 

X 1 


Finally, W Cora Cu and Eq. 1 are eliminated, leaving Eq. 2 and 
"Brass 


Equation 

Unknown 


W Brass 

2 

X 


O Com Pb 

- -* 


material balances 


Cu Balance : 0.68 W Brass + 1.0 W Com Cu 


Total Bal. : 1 .0 Wg rass 

+1 . 0 W£ om £j+l . 0 ! 

Lo^i 5n + 1 -0W Com Pb = 

100.0 . 

Sn 

Balance : 

1.0 

^Com Sn 

8,0 

Pb 

Balance : 


1-0 W Com Pb = 

2.0 

and 

the structural array 

■ would be: 




Equati on 


Unknowns 



^Brass W Com 

Cu W Com Sn w 

Com Pb 

1 . 

Cu Balance 

x X 



2 . 

Total Balance 

X X 

X 

X 

3. 

Sn Balance 


X 


4. 

Pb Balance 



X 


It is painfully clear that no unknown nor equation can be eliminat¬ 
ed, meaning that either all four of the equations must be solved 
simultaneously, or one of the tearing techniques discussed in 
4.2.6 must be used. This example also illustrates how an incor¬ 
rect or unfortunate choice of equations to be usee can result in 
making a relatively simple problem much more complex than necessary! 

4,2,2 .DETERMINANTS 


Solution of simultaneous equations can be obtained through a 
number of means or techniques. If the equations are linear, 
determinants are easy to use, up to three equations and three un¬ 
knowns. For instance, solution of the set 

a ll X 1 + a 12 x 2 + a 13 x 3 = b l 


a 21 X 1 + a 22 X 2 + a 23 X 3 b £ 


a 31 X 1 + a 32 h + a 33 X 3 = b 3 

can be obtained by evaluating the determinants Cp C-j and D: 


where: 


a n 

a l 2 

a l 3 


a 22 a 23 


a 21 3 23 


a 21 a 22 

“21 

a 31 

a 22 

a 32 

a 23 

33 

= a ll 

3 32 a 33 

- a 12 

a 31 5 33 

+ a 13 

a 31 3 32 
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= a^La 22' e 33" a 32' a £3 J ' a 12^ a 21' a 33' a 3l' a 2 3^ +a l 3" a 21 ' a 32 _a 31' s 22^ 



b l a I 2 a I 3 


a n b i a i 3 


a n a 12 b l 

3 = 

b 2 a 2 2 a 23 

; c 2 = 

a^-j b^ ^23 

* C 3 ” 

a 21 a 22 b 2 


b 3 a 32 a 33 


a 31 b 3 a 33 


a 31 a 32 b 3 


Finally> after C-j, C 2 , and C 3 are evaluated in the same way as D> 


*1 = 


X 2 = 


, and 


X. = -£ 


EXAMPLE 4.2-3: In Example 4.1-1, the Fe 3 0, and Si0 2 balances were 
solved simultaneously for W„, the weight of stream z and W 3 , the 
weight of stream 3. Solve this problem using determinants. 

Solution: The equations are: 

0.8 W 2 + 0.03 W 3 = 300 

0.2 W 2 + 0.97 W 3 = 700 


D = 


0.8 0.03 
0.2 0.97 


* (.8)(.97)-(.2)(.03) = 0.776-0.006 = 0.770 


C 1 = 


300 0.03 
700 0.97 


= (300)(.97)-(700)(.03) = 291.0-21.0 = 270.0 


C 2 ” 


0.8 300 
0.2 700 


= (700){.8)-(300)(.2) = 560.-60. = 500.0 


u rro/ = 350 - 65 kg 


w„ = -?- = — = 649.35 kg 


2 


0.77 


These are the same values obtained in the earlier example* In 
principle, this technique can be used on larger sets of equations, 
However, the technique of solving linear equations in this way 
quickly becomes unmanageable as the number of equations increases, 
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4,2,3 GAUSS I AN ELIMINATION 

For more than 3 equations and 3 unknowns, several techni p 
may be used. One of the most common is Gaussian elimin ation i,:,ues 
illustrated here for simplicity on a three equation problem""whe 
it is required to solve re 


X 2 f X 3 = 5 
- X 2 + X 3 - -1 
X 1 + X z - 2 X 3 s -3 

The notation is that of matrix algebra. For a few simple defini¬ 
tions relating to matrix algebra, refer to Appendix A, 

Step 1: The coefficients of the unknowns are written in matrix 
form and the constants in each equation are written in 
column form (vector) and this vector is added to the co¬ 
efficient matrix to form an augmented matrix. For the 
above equations 5 the augmented matrix is-: 


0 

1 

1 

5 \ 

-2 


1 

- 1 

1 

JL 

1 

A 

-2 

;k 

- 3 / 

T 

vector 

t 

vector 

T 

vector 

T 

b vector 


Step 2: Search down first column for largest number in absolute 
value (the pi vot ) a and divi.de the entire row by that 
number. The resul t is : 



Step 3: Multiply the same row by a number such that when that 
product in each column is added to another row, a zero 
will appear in column 1 in the other row. Repeat until 
all other rows have 0 in column 1, The pivot, however, 
remains the same although the other rows are left as 
changed. In the present example, multiply row 2 by -1 1 
then add the resulting numbers to the numbers in row 3, 
The result is given in the next augmented matrix. 
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p- step 4: Repeat Steps 2 and 3 for column 2. 


1 

0 

0 


1 

-1 


Step 5: Repeat for all columns except the last, 

/ 0 1 0 

l 0 o 

.0 o 1 

Step 6 . Rearrange to give an augmented identity matrix. 




L 

i 

■/ 


0 

1 

0 


M 


Step 7: The answer is seen to be 


J 


X 1 + o + 0 = 1 
0 + X 2 + 0 = 2 
0 + 0 + X 3 = 3 

15 readily ? erfo ™ d on much larger sets of 
Hinir Bl eqUatl ? nS b ^' com P uter programs available on most scientific 
9 ™„ , 0 S3‘« ; Ji e i ,, 5 0rt,nt pDint is that * proble^that can 

exanoles !f t ! £} f llnear equatl0ns can be solved. For 

examples ot such problems see EXAMPLES 4.3-5 and 4.3-11. 

4-2.4 MATRIX INVERSION 

inversfon^ff 50 ! 11 ^ 0 " meth ^ d . 1 nvo1 ves the technique called matrix 
.inversi on, if we have a matrix equation* --- 

A X = B 

(nxn)t (nxl) 

(nxl) 


and i f 


A -1 A = 


then ^ 1_S thS inverse matrix of A and I is the identity matrix, 


See Appendix'A for a brief discussion on matrix algebra. 
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A -1 AX = A _1 E 
IX = A _1 B 

or X = A' ] B 

Therefore, if A has an inverse. A"', X is easily found. Sol vine 
the same set of three equations as in the previous example, we"" 
first transform (A | I) into (I j A"l). Initially, 

( A | I) 


(° 

i 

i ■ 

1 1 

0 

°\ 

r 

-i 

i 

0 

1 

0 

V 

i 

-.2 

0 

0 

J 


Use Gaussian elimination to make the transformation. 




1 

1 

i 

0 

1/2 

- 1/2 

0 

- 1/2 

1/2 

-3/2 

0 

1/2 

1 

1 

1 

0 

0 


-1/2 

- 1/2 

0 

-2 

- 1/2 

1/2 

1 

1 

1 

0 

0 

-1 

rl /2 

- 1/2 

0 

1 

V4 

-1/4 

1 

1 

1 

0 

0 

0 

-1/4 ■ 

-3/4 

0 

1 

1/4 

-1/4 



























and again observe that X-j = 1 , X 2 = 2 , and X 3 = 3 , 
4.2.5 MATRIX CONDITIONING 


While both matrix inversion and Gauss ion elimination (and 
other variations of these basic techniques) will obtain solutions 

w?th«r? e *-M ex * sets of E1 ' mult3n eous equations, they are not 
tnout pit.alls. Solutions, in come cases, may be totally unre- 
of ” 1Cj and xet mathematically correct. Consider the solution 


1.00 x + 1.00 y = 1 
1.00 x + 1.01 y = 2 


150 


material balances 


The solution is x - -99 and y - 100. Now* suppose that a 2% error 
in one of the coefficients, resulting, for example, from a measur 
ing error* changes the equations to 

1,00 x + 1.00 y = 1 

1,00 x t 0,99 y = 2 

The solution is now x - 101 and y - -100. This difference in solu¬ 
tions is very large and in the case of material balance equations 
would render the solution totally useless. Yet it has nothing to 
do with the mathematical solution technique. It is the result of 
the equation set and the resulting coefficient matrix being ill- 
conditioned, i*e * 3 the solution'of the set is super-sensitive to 
small changes in the values of the coefficients. Thus, care must 
be exercised to make sure that, if a large matrix of material 
balance equations is utilized in the solution of a material balance 
problem* it is not ill-conditioned. 

Various tests for whether or not a matrix is ill-conditioned 
have been devised by mathematicians. The simplest test is to 
calculate the determinant of the coefficient matrix* det. A, If 
the determinant is very small, the matrix is ill-conditioned. This 
is easily seen from the preceding example, where 


A = 


1.00 1.00 

1.00 1.01 


and det A - -0.01 

Unfortunately, when the coefficient matrix becomes larger than 
3x3, evaluation of det A becomes very tedious. 

The true test is to compute the von Neumann P-condition 
number* P(A), Unfort unately s this is very difficult to compute 
and so some more easily evaluated condition numbers have been 
established that bound P(A). One such number is Turing's M-condi¬ 
tion number, H(A): 


M(A) = n maxja^j j maxj j 


and 


are 


where A is an nxn matrix, a^j are the elements In A* ~ ~ 
the elements in the inverse matrix. A" ‘. This obviously requires 
that A "1 be found by a method such as in the preceding section. 
Once M(AJ is found* the bounds on P(A) are given by 


H( A) 
n 


P (A) < nM(A} 


Another limiting value is given by Turing's N-condition number, 
N(AJ: 


K(A) 


= lift 11 • II a- 1 !! 
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- 2 ) 1/2 B nd II A-1 II - (! ^ 



U 1J 


J gain requiring that A be inverted. In this case^,__ 

N(A) P{A) ^ nM{A) 

If the P(A) value of a matrix is on the order of 1Q"^ or ID”'* 
: j t ^'probable that solutions of the set of linear equations 
associated with the matrix are meaningless, irrespective of the 
number of significant digits. Usually, the metallurgist making 
material or energy balances will be utilizing generalized computer 
programs for solving sets of simultaneous equations and not be 
■involved in the writing of these programs in the first place. 

However 3 it is important to understand the concepts presented above 
and the limitations on their utilization. The sensitivity of 
solutions of sets of linear equations to coefficient variations 
should be tested and the results interpreted with the aid of 
common sense. 

4.2.6 TEARING EQUATIONS 

Finally, if the equations are non-linear or if the setting 
up of matrix solutions is not desirable, and yet partitioning of 
the equations has detected a set of equations that must be solved 
simultaneously, there is another technique that may be used to 
■ ease solution effort. It is called tearing . 

The basic idea is that a set of equations to be solved simul¬ 
taneously may be solved in sequence, one-at-a-time , i_f the value 
of one of the unknowns is assumed initially, and then recalculated 
as a last result in the sequence. This calculated value is then 
compared to the assumed value and If they are the same, a solution 
has clearly been reached: if not, the assumed value is adjusted 
and the procedure repeated, until agreement is reached. Rudd and 
Watson^J present an algorithm to find the most efficient place to 
tear the set of equations. 

Step 1: Apply the partitioning algorithm in 4.2.1 to the 
structural array of the equation set. If it does 
not delete all equations, go to Step 2. 

Step 2: Define k, equal to the minimum value of p(X^ )-l, 
where p(Xj) is the number of equations in which 
variable appears. 

Step 3: Identify sets of k equations which have the property 
that, when that set is deleted, an array remains with 
at least one variable appearing in only one equation. 


(2) D. Rudd and C. C 
w iley s N.Y. , rj.Y. 


Watson,‘Strategy of Process Engineering, 
1968, 


MATERIAL BALANCES 

Step 4: Delete the equation set identified in Step 3. 

Step 5: Reapply the partitioning algorithm to the remaining 
array. 

Step 6 : If no precedence order is obtained in Step 5 , try 
a different sec of k equations. 

Step 1: If the deletion of all possible sets of k equations 
does not result in an array that can be precedence 


orde red. 

increase k by one 

and return 

to Step 3 , 


By way of illustration 

, suppose the set 

of equations 

is 



q <v x 3 } 

= 0 




f 2 (x 2 , x 3 ) 

- 0 




q Op q, q) 

= 0 





^ 0 




f 5 (X r x 4 . X 5 ) 

= 0 



Step 1 eliminates Eq, 

2 , leaving: 




Equations 


Vari ables 



X-] x 2 

X 3 

x 4 

X 5 

1 

X 

X 



3 

X 

X 

X 


4 

X 



X 

5 

X 


X 

X 


Step 2 shows that p{) - 4, p(X^) - p(X^) = p(X^) - 2 and so 

k = (2-1) = 1, By inspection, it is seen that if any of the re- 
maining equations is deleted, at least one variable will appec r in 
only one remaining equation. Try deleting Eq. 1. Trie result is 
in the next table. New eliminate X^ end Eq. 3. 
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Equati on 


x- 

i 

Variables 



*1 

*2 T 

-—- L 

x 4 

*5 



i 

1 



4 

X 

i 

i 

S 

b 

1 


X 

5 

X 

l 

1 

I 

3 

X 

X 


followed by X^ and Eq. 5. 


Equation Van ' ab1a * 


X] x 2 x 3 > 

■4 X 5 

4 x 

X 


ancS x 5 re™ 1 '"- The solution is then found by choosing one of 
these remaining variables as the design variable, to which we 
assign a value. In this case, a value is assigned to Kn (perhaps 
a good idea of what its value should be is known). Then the steps 
are retraced backwards to a solution. 


compare 



hIve T beeTth2s- f * 5 ^ been assisned a value > the Iteration would 
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In both cases, once the comparison between estimated and computed 
values of or is satisfactory, the value of from the last 
iteration can be used in Eq. 2 (the first elimination using the 
algorithm in 4,2,1) to calculate Xo, and the problem is solved. 

EXAMPLE 4,2-4: In EXAMPLE 4.2-2 the choice of three element 
balances plus the total balance gave a set of equations that could 
not be solved in a sequence of one-at-a-time solutions. The 
structural array was 


Equation 


_ Unknowns _____ 

^Brass ^Com Cu ^Com Sn ^Com Pb 


1- Cu Balance x x 

2, Total Balance x x 

3, Sn Balance 

4, Pb Balance r 


x 


x 


X 


X 


Utilize the concept of tearing to help solve this set of equations 
without having to use a matrix method such as Gaussian elimination. 


Solution: Applying the algorithm, p(Wo rass ) - 2, p(Wr om r u ) = 2 t 


P< W Com Sn) = 2 > and P( w Com Pb) = 

Therefore, min [p(x^)-l] ~ 
one equation to produce an array 
It turns out that elimination of 
do the trick. We will eliminate 


2 . 

2-1 = 1; k = 1. Now * eliminate 
that can be precedence ordered, 
any one of the four equations will 
Eq, 2. The array is then 
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H Equation 


_ Unknowns _ 

W Brass W Com Cu ^Com $n w Com Pb 


U : Next, eliminate Eq. 4 aad Wp^* Then, Eq. 3 and W^. Finally the 
||>; -array is 


Equation 


Unknowns 


W 


Brass 


W 


Com Cu 


—lev- The final solution thus requires that a value of one of the rercain- 
ing variables be assumed. The sequence then is: 


Assume 

W 

Brass 



w compare 

2 ^ h Brass j ? 



The assumed value of Wg rass is compared to the calculated one from 
£q, 2, and adjusted, i f^necessary, until the comparison is close 
enough, 

4,3 MATERIAL BALANCES 

Analysis of material balance problems must proceed in an 
orderly fashion* The first step is to define the system. This 
might be, for example, 

a) a furnace into wrfich scrap and alloying addfttbns are 
charged and from which a heat of alloy and some slag 
a re remo ve d, 
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b) a sinter plant into which you continuously charge coke 
breeze and ore and remove screened sinter', 

c) an entire plant into which ore, scrap, fuel, electrical 
energy, etc*, flow and finished products leave, as shown 
in Fig. 4.3-1. 

Draw a schematic flow diagram of the system showing all in¬ 
ward and outward directed material flows. 

Select a useful basis for the calculation. In 'the case of 
Fig* 4.3-1 the basis is 1,000,000 tons of cast steel slabs. 

Place all known data on the diagram , including whatever is 
known about any chemical reactions which occur within the system. 

The next step involves writing the various balances and any 
restrictive equations that apply to the system . This is the most 
critical step in the entire sequence, because great care must be 
taken to make sure that only independent relationships are included* 
The systematic approach to this problem is presented in the remain¬ 
der of this section. 

4.3.1 DEGREES OF FREEDOM 

During any design exercise, the designer has, as was seen 
earlier, some variables that may be specified. These design vari¬ 
ables are equal in number to the degrees of freedom , F, which is 
the difference between the number of vari abl es , V s and the number 
of res tri cti ons or formal relationships between variables, R, that 
exist in the process. In other words, since V is the total possi¬ 
ble number of unknowns , a solution to the problem will only be 
found if V-R degrees of freedom are specified , so that the number 
of unknowns and number of equations are the same. 

F = V - R (4-3-1) 

All items of information required to define any process 
stream entering or leaving a process unit will be called variables . 
This means in general, temperature T, pressure P, mass flow W, and 
complete chemical or mineralogies! analysis. For a C component 
mixture, Ol percentages are required to define the complete ana¬ 
lysis. Therefore the maxi mum number of variables (unknowns) per 
stream is C + 2, e.g. the C-l percentages plus tenperature, pres¬ 
sure and mass flow. Therefore, the maximum total number of vari¬ 
ables for a system having n stream equals 

n 

V = l (C+Z) (4.3-2) 

1=1 

Remember that the stream need not be continuous: the analy- 
sis applies to batch as well as continuous processes. 

Restrictions include any quantitative relationship that can 
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Figure 4 . 3-1 Ulock diagram of the primary production area of an integrated steel mill 
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or must be imposed on the process. The most obvious quantitative 
relationship that can be written down and that must be satisfied^ 
are C material balances for a C-component system. If the process 
Is purely physical, involving no chemical reactions, tnen the num¬ 
ber of components, C, is equal to the- number of distinct chemical 
species that exist in the system, If the process involves chemi¬ 
cally reactive species, then the number of components is the number 
of species 5, minus the minimum number of independent relation ship 
relating the species to each other , R. A simple rule for determin¬ 
ing this number is as follows: 

\ a Write chemical equations for formation, from their 

constituent atoms, of all species regarded as being pre¬ 
sent in significant amount in the system, (This obviously 
requires that the chemistry of the system be well known,) 

1 Combine these equations in such a way as to eliminate 
from them any free atoms which are not actually present. 

3 , The resulting number of equations is the minimum number 
of independent chemical equations necessary to represent 
the stoichiometry of the system, R. Then, C equals S 
minus R, 

Other restrictions include the following: 


(1) If a species is not present in a given stream , then its con¬ 
centration is implicitly specified to be zero and the C+2 
variables in that stream are reduced to C+U In other words, 
a restriction of 1 is placed on the system, or RM for each 
missing component . 


(2) Sf two or more species are present in a fh_xed ratio, either 
from thermodynamic equilibrium considerations or because + 
they are present in a compound that does not parti ci pate j r. 
any reactions, that is a restriction on the system. R=1 to r 
each fixed ratio. 


(3) 


If only a material balance is being made, temperature and 
pressure data oVeach stream are not needed and so the number 
Of variables should be reduced by 2 (number of streams), 
R-2x(no« c-f streams) for material balance problems. 


The schematic 4-component process illustrated below, for 
which only a material balance is being made, would have 


5 

V - I (C+2) 


1 


= 5 (4+2) 


30 
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V 


V Input 

Stream 

(>)"■ 

( 2 ) — 


Component 

- a, b, c - 


Components 
P resent 



This total can be reduced by considering the restrictions. First, 
there are^4 components, so 4 materia! balances may be written, 

Ri = 4. ihere are missing components; 1 in stream ( 1 ), 3 in stream 
- (2), 2 in stream (3), 2 in stream (4), and 1 in stream (5) for a 
total of 9, Therefore R 2 - 9. Since we are making only a material 
balance, neither T nor P is needed for any stream, so we can 
further reduce the variables by R 3 = 2 x 5 streams ^ 10. The 
total number o-f restrictions is 23. Thus, the degrees of freedom 
- 30 - 23 = 7, This means that if we know 5 chemical analyses and 
2 mass flows or 5 mass flows and 2 analyses, or any combination of 
at least 1 mass flow and chemical analysis information totalling 7 
• pieces of information, in principle the material balance can be~ 
completely determined. Whether the solution can be obtained by 
solving one equation at a time or will require simultaneous solu¬ 
tion of 4 equations, depends on which pieces of information are 
available and can be determined using the techniques presented in 
4.2. The 7 required pieces of information may come from sampling 
the process, or estimating values, or by arbitrarily assuming cer¬ 
tain values. The significance of the 7 degrees of freedom is that 
much information must be known before a solution can be obtained. 

EXAMPLE 4.3-1; In the roasting of chalcocite, Cu 2 S 5 the reaction 
might be 

3Cu 2 S + 60 2 = 2Cu 2 0 + 5Q 2 + 2Cu$G 4 

there are 5 species present. There are only 3 elements. Determine 
the number of components C for use in material balance calculations. 

Solution: Determine the number of independent relations, R, 
between species, 5. 


Step 1; ’Form the species from atoms: 


Step 2 : 


2Cu + S + Cu 2 $ 

2Cu + 0 + Cu 2 0 

S + 20 -+ 5Q 2 

Cu + S + 40 -*■ CuSOfl 

0 + 1/2 0 2 

Since 0, 5, and Cu are presumed 
system, eliminate first'0: 


not to occur in the 
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2Cu + S 

Cu 2 S 

2Cu + l/ZOj -* 

Cu 2 0 

s * o 2 - + 

so 2 

Cu + S + 20 2 -* 

CuS0 4 

then S: 


2Cu + l/20 2 + 

Cu^O 

Cu 2 S + 0 Z 

2 Cu ■?- S 0 2 

Cu 2 S 4 20 ^ 

CuS0 4 + Cu 

and then Cu: 


Cu 2 S + | 0 2 

Cu^O + S 0 2 

Cu„S + 7 0, 

2 4 2 

CuSQ, + 1 Cu„0 

4 j l 

The result is two independent equations relating the species, so 

R - 2, and so C = 5 - 2 = 3. In this case, C is the same as the 
number of elements. 

EXAMPLE 4.3-2: In the calcining of CaC0 3 , according to the reac¬ 
tion 

CaC 0 3 -► 

CaO + C0 2 

there are 3 species. Find C. 


Solution: Step 1: Applying the algorithm, form the species from 
atoms: 

Ca + C + 30 " + 

CaC 03 

Ca + 0 

CaO 

C + 20 

co 2 

Step 2: Since Ca, C, and 0 are 

not present, eliminate C: 

Ca + C0 2 '+ 0 

CaC 0 2 

Ca + 0 

CaO 

and then Ca and 0: 


CaO + C0 ? -+ 

CaCO 3 

Thus R = 1, and C = 3- 

■ 1 2, ever, though there an 


3 elements present. 
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material 




wfy;: 

M? 

s^r>v r 


■ 

KT-rf - 
1-- 


However, IT ail CaQ and CO 2 comes from the decomposition of 
+here is only 1 independent component balance because of the 
Ca -rri ? ona1 stoichiometric relationship between the species. 

vn.Mp lE 4.3-3: in the production of metal M from,Its oxide, HG, a 
j n'ace is fed with carbon and oxygen to produce a reducing atmos- 
por thermodynamic reasons, the ratio of CO to CO 2 in the 
^ -out I s 3 constant value. K. In order to derive the 

material balances for this process, how many design variables must 
the process designer specify? 

Solution: The flow diagram is as follows: 




K - 


Cg_ 

CO; 


r- 

'•a, . 



C{s) + M0(3) 


C0{g} 
C0 2 (g) 


**- H( l) 


The total number of possible unknowns, V = 1 (5) - 20. The 

1 

restrictions or formal relationships that can be written between 
variables will be found and added up. 


Missing components: 

Stream 1: C and M 
Stream 2: none 
Stream 3: M 
Stream 4: C and 0 
No T or P data needed: 

Fixed Ratio; 

.Wrn “ K W 


TO 


CG r 


R i - 2 


r 2 = 1 

R 3 = 2 
R4 = 8 


R 5 = 1 


Independent Component Balances: 
C Balance 
0 Balance 
M Balance 


E R = 


% = 1 

r 7 - i 

R a = 1 
17 
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The degrees of freedom are: 

F = V - R 
=20-17 
F = 3 

This means that, to solve the set of equations for all weights of 
materials in and out of the process, three of the unknowns must be 
sped fled by the designer. The unknowns include weights of each 
component in each stream, total stream weights, or the ratio of C 
to 0? in stream 1. For example, if the weight of MO fed and M re¬ 
moved and the weight of CO in the output gas is given, the remain¬ 
ing weights can be obtained directly. The reader should satisfy 
himself that this is true* 

EXAMPLE' 4,3-4: Fluxed sinter is being made on a sinter strand by 
adding dolomitic limestone (757, CaCO^ - 25% MgCOq) to the sinter 
mix at a rate of 12000 kg/h. If the initial analysis of the mix 
is 2,5% CaO and the final product analyzes 12.5% CaO, what is the 
production rate of the plant? Assume no losses except for C0 2 
from the dolomite. 


m.- « ( 0 t 

Sinter 

\ 

nix \ c .. j/sUd'j j— ---— 

Dolomite (25% MgCCL — 

\ 

Machine 

“ / " 

/ 


75% CaC0 3 ) 
12000 kg/hr 


Sinter 
(12.5% CaO) 


Basis: 1 hour of production. 

Solution: Since all of the C0 2 will be removed from, the dolomite, 
initially we will recalculate the feed rate to put it on the basis 
of MgO and CaQ* 




MgC0 3 

■+ 

MgO + CO 2 



Mol. Wt.: 84.33 


40.32 

Mass 

Flow 

Rate, kg/h: 3000. 

-+■ 

1435. 



CaCO^ 

Hr 

CaO + CO £ 



Mol. Wt.: 100.09 


56.08 

Mass 

FI ow 

Rate, kg/h : 9000. 


5040. 


In this problem, there are three components; CaO, HgO and 
"other solids" and thus, V equals fifteen. There are a,so .0 
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restrictions on the system; a CaO balance, an MgO balance, the 
analysis Tor CaO in the mix, the analyses for CaO and HgO in the 
dolomite, no "other solids in the dolomite, the dolomite flow rate, 
the analysis for CaO in the sinter, and six restrictions since only 
a mass balance is being made. There is therefore one degree of 
freedom. Thus, to completely solve the problem one more variable, 
such as the concentration of HgO in the mix or-sinter must be 
fixed. However, if only a partial solution, e,g, the flow rates 
of the nix and sinter, are required, two equations with two un¬ 
knowns can be written and solved without specifying the additional 
quantity. 


Total Hass Balance: 

w mx + 1 435 + 5040 - H pi . oduct 

CaO Balance: 


(0.025)W Mix + 5040 = (0.125)W product 
Solving these simultaneously, 

^product ~ 49,905 kg/h 

and 


H Mix - 43,430 kg/h 


EXAMPLE 4.3-5: The basic oxygen steelmaking process (L-D, 80F, 
BOP^or 0SM process) is possible because the heat liberated in the 
refining process is enough to melt the scrap and lime and end up 
with steel at a satisfactory temperature for '’teeming' 1 into ingots. 

Information available for the production of one metric ton 
or steel is shown on the following diagram. Infiltrate air is 
included because gas analysis of the waste gas is not possible ex¬ 
cept in the hood, where the air has already infiltrated. The gas 
analysis reported is the average during the blow, the value which 
is necessary in order to set up the equations. 

Calculate the complete over-all material balance for the 
process; that is 

a) The weight of all input materials per ton of steel, and 


b) The weight of all output materials per ton of steel. 


Basis: 1000 kg of steel. 


MATER]AL BALANCES 



Solution: There are a total of 6 element balances (fe, C, Si, 0^, 
^ 2 , Ca) that can be written, plus the over-all balance. Therefore, 
the number of unknowns cannot exceed 6, the number of independent 
relationships between variables. The variables are: 


weight of 
weight of 
weight of 

weight of 
weight of 
weight of 
weight of 
weight of 


hot metal , 

steel scrap ■ w sc 

oxygen gas > W n 

u 2 

burnt lime , 

infiltrate air, 
waste gas , W GAS 

steel r ' , %TEEL 

slag » W SLAG 


750 kg, 
? 

? 

? 

7 

7 

1000 kg. 

7 


There are 6 unknowns; therefore, any 6 equations of the 7 possible 
are required. 


First, convert the gas analysis from volume % to weight % 

infiltrate air : (assume 100 moles air) 

,21 moles 0 2 32 ,00 g 

100 moles air mole 0 £ 


9 0 £ >■ 
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79 moles N 2 28.02 g ^ 


SoO moles air ' mo1e N 2 
Total weight in 

Therefore, 

67?. 


i-)= 2214. g N z 


= 2886. g 


2886. 


x 100 = 23.3 w/o 0 2 in ait 


2214. 

2886. 


x 100 = 76.71 w/o N 2 in air 


waste gas : (assLime 100 moles waste gas) 

34.4 moles C0 2 x 44.01 = 1513.9 g CO 2 * 44.99™ CO 2 

3.1 moles 0 2 x 32.00 = . 99.2 g 0 2 •> 2.94^ ,0 2 

62.5 moles H 2 X 23.02 = 1751.2 g « 2 ■* 52.05S N 2 

3364.3 g total 

OVERALL BALAMCC : 

W HH + U SC + W 0 2 + W LN + H AIR = W GAS + LAG + W STEEL 


750 kg 1000 kg 

or W 5C + W 0 R + W LM + ll AIR " U GAS “ W SLAG = 2b0 
IRON BALANCE : 

0.944 W H[1 + 0.99 U sc + O-Wq + 0-W LH + = 0-W QAS +(.351) 

(. 777 )W slag+ 0 . 999 Hsteel 

700 kg + 0,99 W sc + O-Hq + 0-W^ + 0-W ftIR = 0 ^ Gp& + 

0.273 W slAG+ 999 kg 

0,99 W sc + O'VIq + 0-W LH + O-Wair - O'WgAS “ 0- 273 W SLAG 

= 291 kg 

SILICON BALANCE : 

0.015W Hfl -H}.00354Ws- cr eO-W 02 +0-W LH +0-W AIR =0-W GAS +(.149)(.467} 

t w slag + - 0005W steel 


MATERIAL BALANCES 


0.00354 W sc + 0-W Q + 0‘W LH + 0-W AIR - 0-W GA£ - .0696 U SLA£ 

= -10.75 kg 


CARBON BALANCE: 


0.041 W H!i! +0.00646W sc +0*W Q2 +Q'VJ LM +0-W AI|t =(. 44.99){. 273) W GAS 

+0 ‘ W SLAG t,0005W STEEL 


0.00646W sc +0 , Wq^+0-W lm +0-W air -.1228W5as-0-VJ slag = -30.25 kg 

LIME (CaO) BALANCE : 

1.00 W u = 0.50 VI sug 

o-w sc + 0 *Wq^ + 1.00 w LH + o*w AIR - 0 -w GAS . - 0.50 W SLAG = 0 

OXYGEN BALANCE : 

I.OOHq + 0.233 W AIR = (• 4499)(. 727 JWg^ 

+ (0.0294)VI gas + (,149)(.533)VI 5lag 
+ (.351)(.223)W slag 

0 'W SG + l.OOHg + 0-W LM + 0.233 H A j R -0.3565Wq AS - 0.1577W SLAG 


NITROGEN BALANCE : 

0.7671 W WR = 0.5205W gas 

0-W sc + O-Hq + 0-W lH + .7671 W AIR - 0.5205 W gas - 0‘W SLAG = 0 

Now write the augmented matrix for solution of simultaneous equa¬ 
tions. (Pick any six of the following seven for solution to 
determine the six unknowns.) 


UNKNOWN PARAMETERS 


BALANCES 


OVERALL 

IRON 

SILICON 

CARBON 

LI ME (CaO) 

OXYGEN 

NITROGEN 


W SCRAP 

W °2 

W LIHE 

W AIR 

W GAS 

W SLAG 

CUrtb 1 Art 1 j 

1.0 

1.0 

1 .0 

1 ,0 

,0 

-1.0 

250.0 

0.99 

0. 

0- 

0* 

0* 

-,273 

291.0 

.00354 

0, 

0. 

0. 

0, 

-.0696 

-10.75 

.00646 

0. 

0. 

0. 

-,1228 

0. 

-30.25 

0. 

0. 

1.0 

0. 

0. 

-. 50 

0, 

0 

1 .0 

0. 

,233 

-.3565 

-,1577 

0. 

0. 

0. 

0, 

,7671 

-.5205 

0. 

0. 
































Al &MD ENERGY BALANCE CALCULATIONS (N METALLURGICAL PROCESSES 

■MATEBIAL 

answer is, using the top six equations, and rounding off 
g 6 the n nearest kg, 

hot metal (input} = 750 kg 

steel (output) = "1000 kg - 

steel scrap (input) = 341.kg 

oxygen (input) = 80.kg 

lime (input) = 86.kg 

infiltrate air (input) = 179.kg 

waste gas (output) = 264.kg 

slag (output) = 172 kg 

A check shows that the total input = total output = 1436 kg. 

4,3.2 PROBLEMS HAVING DIRECT SOLUTIONS 

Problems of this type are usually found in non-reacting 
systems with few components. The problem solution involves setting 
up of direct algebraic solutions. 

EXAMPLE 4.3-6: In the sinter plant shown schematically in Fig. 

.4 3-2 the sinter "mix" is moistened while being pelletized on a 
flying disk before feeding to the sinter strand. 



Figure 4.3-2 General arrangement of a sinter plant. (Ref. 

Aqloneration of Iron Ores , J. Ball, J. Hartnell, 
J. Davison, A. Grieve, R. Wild, Elsevier, NV, 
1973, 40) 

If the mix has 1?; HyOt-iiiitially, and 9% H 2 ° is desired after pel- 
litizing, how many kg of water are required per metric ton of mix 
(dry basis)? . 1 


MATERIAL BALANCES. 


H 2 0 


Hi x 

/ 

( 

Disk 

\ 

1 Hix 


(1% h 2 o) 

\ 

Pelletizer 

j (9% H 2 0) 

/ 



system 

Basis: 1 metric ton of dry mix 

Solution: Let W* n = total weight of H^Q in the output stream. 
n^U 

Then, 


h 2 o 


1000 + w 


h 2 q 


= 0.09 


h 2 g 


w 

w° 

v 


= 90 + 0.09 W 


h 2 o 


= 98.9 kg 


Now let q = weight of H^O in the mix feed stream. 


"k 2 o 


1000 + 


= 0.01 


W' 


h 2 o 


= 10.1 kg 


Therefore, by water balance. 


“added = W h 2 0 " W H 2 0 
= 98,9 - 10.1 

= 88.8 kg/metric ton of solids. 

EXAMPLE 4.3-7: If the preceding problem had asked for tinTbe 7 
in kg H 2 0 per metric ton of wet feed, what would the solut - 

Solution: _ , 
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900 * “^0 

H 2 0 = ^ 

U , = S7,9 - 10 5 87,9 kg/metric ton of wet mix 

added feed. 

4,3.3 TIE COMPONENTS 

Another approach to solution of simpler problems involves the 
us= 0 f tie components . A tie component is a component (element or 
compound) that travels through the system without engaging in any 

reaction or change and without having any of that component added 

0 r withdrawn during its passage through the process. 


The simplest example is that of N 2 In combustion processes, 
when the H z enters with air, Likewise, since N1 is not oxidized 
in the presence of Fe during the refining of steel, Ni becomes a 
cood tie element during ferrous melting process analysis. 

EXAMPLE A.3-8: A furnace calcining CaCOg is burning coal with sir 
and the airflow is controlled and metereo so that it is known that 
1 00 m 3 /min (STP) of air enters the furnace. If the flue-gas analy¬ 
sis (STP) is 553 N 2 , what is the volume (STP) of the gases? 


Fuel- 


7* 


N 


Air (793N z ,100m 3 /h)-L 


Furnace 


\ 


-f—►Flue Gas (553N 2 ) 


\ 


Basis: 100 m 3 air/min 

Solution: N 2 in = N 2 out = (0,79m 3 N 2 /m 3 air)(100 rt 3 air/min) 

= 79 m^g/min. 

'The 79 m 3 /min of N 2 corresponds to 553 of the waste gases, so the 
total volume of waste cases = — Zf- = 143.6 m 3 /min. 

1 bb 


EXAMPLE 4.3*9: One of the more difficult problems faced by a 
me Iter making a heat of alloy in a large furnace is that of cal¬ 
culating alloy additions to meet a desired composition. The dif¬ 
ficulty usually arises because of lack -of direct knowledge of the 
total weight of liquid metal in the furnace at any given moment. 
Suppose, for example, that an electric furnace contains - a charge 
of plain carbon steel scrap (containing no Ni } and 2000 kg of 


MATERIAL BALANCES 



(FeCr, containing 1%% Cr) should now be added? 

Solution: Using Ni as a tie element, make a Ni balance: 

Ni in = Ni out 

2000 ■ {0.0SB)(W bath , B ft,r 0 Z Inj.cCTon) ' 

Solving, W^ath = 2000/0.083 = 22121, kg. 

Now make a Cr balance using the value of W bflth calculated above: 
Cr in = Cr out 

(0,163)(22727) + 0.75 ll peCr = 0.175 (22727 + H ) 

Solving for W peCr ,- 

W FeCr = ^ 74, kg. 

Since the bath weight after this FeCr addition will now be 
22727 + 474 = 23201 kg 
the final 5! Ni will be reduced to 

% Ni = (2000/23201 ) X 100 = 8.623 


It is also possible to calculate how much was oxidized from the 
bath into the slag or gases during the oxidation stage by means of 
Ni as a tie element. The initial bath weight after melting would 
have been 

W bath’ me-|tsd = 2000/.083 = 24096. kg 

Since'the weight of the bath after oxidation was 22727 kg, the 
weight of C, Si, Mn, Cr, Fe, etc. lost is the difference: 

H 1ost = 24096 - 22121 = 1369 kg 


It is important to test the sensitivity of tie element 
calculations. In most cases, an element that is present in large 
proportions in the streams in which it occurs should be used as a 
tie element. In Example 4.3-8, if the flue gases really contained 
533 instead of 553 N 2 , the calculated value of flue gas volume 
would be 149.0 m 3 /min, an error of 3.73. i n Example"4.3-9, an 
analytical error of 0,23 in the Ni content of the bath after oxi¬ 
dation would translate into a calculated error of 11 extra kg in 
the required weight of ferrochrome. This in turn would cause the 
resulting analysis to be 17.523 Cr, not 17.503, an insignificant 
error. 
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■ gUminusri r. an , lys i 5 after mixing is reported to be 0.75% Co, 

: bath. f d J\ e h l w0 , 1d be calculated to be 656.7 kg. If, however, 
-the batn w . is 0 .65%, (a 13.3% error in analysis) the true 
the true^ana ^ ?6g _ 2 kgj a large error in absolute value. 

^Xuld cause serious problems if fu 


. . h „ 0 +her hand, suppose that a melting furnace contains 

in J Sth Jo copper i_n it. If 5.0 kg of Cu is added_to the 


would cause 


: Jre requi red. 


further alloying additions 


4.3 


>4 recycle CALCULATIONS 


pcrvcle calculations throw a new wrinkle into problem solu- 
7he important aspect of this problem is to place the system 

1 boundary correctly. 




/ 

I / 
f'L\JL 


Tvf 

\ 


X 


Process 




-'-f 


) 


\ 

3 A 

H- 


■' / 


In the above schematic, several system boundaries are shown. Sys¬ 
tem 1 ignores all of the-internal aspects of the process, including 
the recycle, and just gives the net input, I, and output, U. in 
the case of System 2, the process- is looked at as in previous sec¬ 
tions, but the entering and leaving streams both include the recy¬ 
cle stream and will be larger than streams I and 0. Systems J and 
4 involve recycle streams and may be regarded as tnixin| (separa¬ 
tion) process units. The reader should satisfy himself that oruy. 
three of the four resulting balances are independent . Any three 
will give the fourth. 

It is possible to draw another system boundary .but this is 
not a very intelligent choice, since R both leaves and enters, 
and therefore cancels itself and the net is the same as system 
in the previous figure. 

R 



— — 

— --- 

--- 

-„ 

A 

u 


I 1 1 

r 




0 

-- 

V 

t" 


/ 


EXAMPLE 4 3-10’ Consider a powdered netal plant with a screening 
system on'the product stream. If 100 tonnes of fresh feed material 
are put into the plant everyday, all of which is converted into 
oroduct P, and a batch screen test on P shows tha„ 10% of the tota i 
is not passing a 48-Mesh screen, while 20% of what passes the 48- 
Mesh screen also passes a 300-Mesh screen calculate the net pro¬ 
duction, plant yield and actual amount produce-, 


System 2 



Solution: If the plant is to be in steady state operation, the 
net product must also belOO TPD. 

P or R are not known, so too eqo.tions are needed IBke^two 

system boundaries, 1. around the process unit, an . 
screening"sysfenrT Write mass balances around each. 

0) 100 + R = P 

(2) p = 0.1 P + 0.2(0.9P) + 100 
Solving these two equations simultaneously, 

P = 138.9 

R = 38.9 . _ - 

and the yield = 100/139 = 72, = 


1 


77 
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4 3 _ 11 . In the separation of liquid from solids in a 
£XAJ Vwash counter-current decantation (C.C.D.) circuit for recovery 
i e acn-w ^ CljS q 4 i n orej the ore is leached with water to remove 
of c ant j t hen counter-current washed in three thickeners, 

the tu .4’ „ recoverec | t>y electrolysis from the pregnant CUSO 4 

The lu is --- 

solution. 



(9QS Solids) 


Gi ve n: 

1 . 100 metric tonnes of ore per day containing 2% Cu as 
CuSO^ is the feed, 

2. Agitators maintained at 2G% solids by weight. All CuSO^ 
dissolves into water. 

3. The thickeners operate with clear overflow and 50% solids 
by weight in the underflow from each. 


p&r!" 

4, The filter cake is 90% solids by weight. 


5. The spent electrolyte contains 10 gm Cu/1. 
Calculate 


a) Water balance around circuit. 

b) Weight of copper lost per day in filter cake. 

c) The concentration of Cu in the pregnant solution. 

Solution: Break the total system into units and place' all known 
or directly computed data on the diagram. 


MATERIAL BALANCES 


ltr Vg ore (2 * l^ 9 

L 


Lsathvna (205 sol idsj 


Spent 

Electrolyte 

(4 iilO 3 fcgl 
I 6 

(4 io g Cu) 


, t nQjiL Tmtci ~ 

| 5GO T blurry (0.98 x lA*9 solids) 5 I * lU fc 9l 

j. ( O.ySxiC-^kg Itq) (0-9uxlD 3, ^g liqH0.93xiO *9 1 q ■ y 




(Q.g&xlET 
kq solids 

0.93x10^ 
kg liquid) 


lq solids 


0.53x10 
J19 liquid) 



o.sbxio- 

kg liquid) 


— 

Electrolysis l 


^{□.93xl0 5 kg 
sol ids + 
La.SxlO 3 kg 
I iquid) 


Step 1: Since the leach agitators are kept at 20 % solids, 400 

tonnes of spent electrolyte (4xl0=kg) must enter with 100 
tonnes of ore, and 98 tonnes of solids leave in the slurry 


Step 2: A water balance shows that the only place water enters or 
leaves the system is at the filter, so make a water balanci 
around the fi 1 ter: 

In M. 

W wash water + °- 9SxlC|5 = 0 - 98 ' xl ° 5 + W water in filter cake 

or the wash water must balance the water lost in the cake, 
10 S of the total filter cake weight. 


\ater in filter cake = 0.1(0.98x10 5 % ater in filter cake 
°- 9W water in filter cake “ 

Therefore W . * = 10.9 x 10 3 kg/day 

tnereiure, w3Sh water 

Step 3 : Place the solid and liquid flow in and out of each 
ener on the diagram, ihe unknowns are the ; p 
streams X-j , ^3 and X^. 

Step 4: Since the system is at steady state, 1 “. 1S ci rcui t; 

make Cu balances around each thickener in the C- 
Working in units of grams Cu/kg(^grams Cu/t j - 
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A qq _ 5 % Sn - 10" Bi - 5% In alloy is to be melted. If 
there is a 10% loss of In from the charge during melting, and 
the following alloys are available, how many lb of each alloy 
would you charge to make 100 lb of alloy? 



% Cu 

% Sn _ % In 

% Bi 

Alloy A 

70. 

30. 


Alloy B 

83.5 

15. 

1.5 

Alloy C 

69. 

1. 

30. 

Pure Cu 

1 GO * 




4.6 


4.7 


IDO tons of hard lead (98$ Pb, Z% Sb) are melted in a steel 
kettle and then treated with Z tons of PbO., The products 
are (1) a slag consisting of PbO and Sb 2 C* 3 5 analyzing 20$ Sb, 
(2) a Pb-Sb alloy of lowered Sb content and negligible oxygen 
content. Calculate the % Sb in the final alloy. The reac¬ 
tion involved is: 

3Pb,0 + 2 Sb(m-Pb) - 86203 + 3 Pb 

The plant in the flow sheet below employs H 2 to reduce 2000 
kg/h ,of Fe 2 03 according to 


Fe 2^3 + 


3H- 


3H 2 0 


+ -2Fe 


The hydrogen in the recycle is mixed with the H 2 in the fresh 
feed before entering thereactor. The purge stream, P, is 
bled off to prevent CO 2 buildup 1 ! n excess of 2.5$ at the 
inlet. The ratio of R to fresh feed gas is 4:1. Calculate 
the amount and composition of the purge stream. 


2000 kg FegQ^/h 



2.5$ CO, 
97.5% 


Trap 




Purge, P 


Recycle, R 


Fresh Feed, F 
99% 1% CQ 2 


MATERIAL BALANCES 


.8 In a new process for copper melting, the old smelting furnace 
is bypassed and the concentrated ore is fed directly to the 
converter in 0 continuous stream where it is melted and blown 
with air to form blister copper in one operation. This con¬ 
centrate must, however* be dried, since moisture in contact 
with liquid metal can easily explode. Assuming that the 
feed rate is 30 tons of concentrate/h, on a wet basis with 7% 
moisture, aYd that the moisture after drying (before cnarqino 
to the converter) is 1/2%, calculate: 

a) the dry feed rate, 

b) the weight of moisture removed/h 



4,9 Suggest how the following sets of equations may be "torn": 


f 1 (x 1 ,x 3 ,x 5 ) 

= 0 

f 2 (x 25 x 6 ) 

^ 0 

f 3 (x 5 ,x 6 ,x 7 ) 

= 0 

t(xp 

= 0 

f 4 (*2> x 4 ) 

= 0 

T( x 2 ,x 6‘ 

= 0 

f 7 {x 3’ x 5‘ x 7 ) 

= 0 


4,10 The following materials are to be used in an iron blast 
furnace: 



Ore A 

Ore B 

Li me stone 


(*) 

(*') 

(%) 

Fe 2 0 3 

73 

70 

4 ■ 

Si0 2 

11 

16 

4 

ai z o 3 

' 2 

12 

2 
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Ore A 

Ore B 

Limes tone 

Coke 


{*■) 

{%) 

m 

(X) 

CaO 

5 

2 

46 

2 

MgO 

4 


4 


CO 2 



40 


c 




90 

1 ton of 

coke is used 

per ton 

of pig i ron made. 



Pig iron will contain 95$ Fe, 4$ C, and 1$ Si. 

The slag produced is to have a ratio of zCaQiAl^rSiO^SSilS; 

30 where ECaO is the sum of all CaO plus 56/40 times the 
MgO present. 

Determine the weight of each material (in lb) to be charged, 
per £000 lb of pig iron made. 

4*C Calculate the charge required to produce 1 ton of ferro- ^ & 
chromium using ore (with analysis 54.0$ Cr^C^, 15.6$ FeO, 

13.6$ MgO, 10.0$ A1 pOg 5 4.5$ Si0 2 ) s quartz (5102=97.0$) , and 
25$ excess coke (8/1 fixed carbon},' 


Assume: 90$ reduction, of CrgC^ by C 
95$ reduction of FeO by C 
7% C in alloy 

1.5$ Si in alloy (reduced by C) 
30$ SiO 2 in slag 


4.12 A reduction process requires a feed of C ? Oo and MO and pro¬ 
duces liquid M and a gas phase containing CO and C0£. For 
thermodynamic reasons,, the ratio of CO to CO^ in the product 


gas is desired to be K. 


(i.e., 


k-^2) 

“co/' 


If the weight of 


HO fed to the system, and therefore M out of the system is 
given, set up the equations that must be solved to find the 
weight of C(Wj-), weight of (^(Wq ), ^CO and "* n ^ n P ut 


and output streams. Precedence order the set of equations, 
or, in the event they cannot be precedence ordered, find a 
tearing sequence that will result in solution of the set. 


THERMOCHEMISTRY 


CHAPTER 5 
THERMOCHEMISTRY 

5.0 INTRODUCTION 

The primary tool for the solution of energy balance problems 
is the first law of thermodynamics. In this chapter, several math¬ 
ematical forms of the first law which are particularly useful f or 
energy balance calculations are developed. The types and sources 
of data required for the complete solution of these problems are 
also discussed. Since the vast majority of data available in these 
compilations are in calories, this unit and not the Joule will he 
emphasized in this and the following chapters. 

5.1 THE SYSTEM 

Energy balances are usually prepared for a collection of 
objects or region of space that is of particular interest when 
analyzing a process. This portion of the universe which is identi¬ 
fied for"a study is called the system . The remainder of the uni¬ 
verse is called the surroundings ; and the real or imaginary wall 
that separates the system from the surroundings is called the 
boundary. For any given process, many system boundaries can be 
identified. The selection of the boundary often has an influence 
on the difficulty of the subsequent calculations. 

Rules for choosing the easiest system cannot be enumerated. 

The choice must be made based upon the experience gained from the 
solution of similar problems, however, the novice to this field^ 
should not be discouraged. Even if the ’'wrong 11 .system boundary is 
chosen, the .desired results can usually be obtained tnrougn addi¬ 
tional calculations. 

5.1.1 TYPES OF THERMODYNAMIC SYSTEMS. 

Thermodynamic systems may be characterized as open, closed 
or isolated; simple or complex; steady-state or unsteady-state, 
homogeneous or heterogeneous. 

When both mass and energy can pass through the boundary of a 
system, the system is an open system . A system is a 
when only energy can pass through its boundary. An isosa^o 
can exchange neither mass nor energy with its surroundings. 

EXAMPLE 5.1-1: Is liquid nitrogen contained in a Dewar Mask an 
isolated system? 

Solution: A Dewar Flask is a double-walled jar which has an 
a ted space between the walls. This type of enclosure may J 
sidered a perfect thermal insulator for most calculati ^ * 

when stoppered, energy and mass may not enter the vo um 1 - ^ 

the flask. Accordingly, the volume inside the flasx _ . d systeJ 

system. The liquid is, however, not necessarily an ^ ^ 

since, if space exists above it’in the flask,-.mass m niay 1 

ferred to or from the vapor phase above the nquia. 
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therefore be an open system. 

F 5.1-2: If an energy balance is being made on a refining 
' p which contains liquid metal, liquid slag, and a gas phase, 
furr T^ nsed system can be chosen for the analysis!_ 


Alternative selection of the system is possible- depend- 


Solution: . . 

■ llf j on the reactions to be si.udiec: 


1} If chemical reactions occur 


"Vhin the liquid metal to form a slag product, the system then is 
Sag and metal. 2) If the refractory also reacts with either slag 
netal, it may have to be included as part of the system. 3) I* 

*he gas atmosphere over the melt affects the results, it also may 
become part of the system. 

Properties of therrnodynamic systems are the definable or ^ ^ 
measurable characteristics of the system, ^ermodyna r nic properties 
- r o a function of the current characteristics or state o, the sys¬ 
tem ana for this reason are sonnetimes called.state properties or 
variables of state. Properties of systems which are independent o» 
TK^Tize of the "sVstem, such as temperature and pressure, are 
railed intensive properties . Properties such as the mass or volume 
which are dependent on the size of the system are ceiled ex tan* i ve 

properties . 

Solid liquid, or gas are terms that describe recognizable 
states^oTlnatterl Unfortunately * this type of classification is 
inadequate for describing the state of a therm ody namic system . 
Experience has taught us that an adequate specification of the 
state of a system can only be achieved by specifying a limited 
■ ber of state properties of the system. 

Denbigh ^ ^ shows that for a simple system, the specification 
of only two intensive properties is adequate to describe an at tne 
other intensive properties, such as specific heat, density, sur- . 
face tension, etc. Thus: 

(i = 3.4,...n) = ftq.Ifc) ^.1-D 

where I refers to intensive properties. While if extensive pro¬ 
perties, E-i E,.E n are to be defined, at least one extensive 

property sich as mass, K, as well as two intensive properties must 
be specified. 

(5.1-?) 


num- 


E-j (i = 2,3,.-.. .p) = fib U2> E p 


Eos. (5.1-1) and (5.1-2) are generalized equations of state. 
Specific functional relationships of this type car. be used to 
denote the interrelations between the properties of a system. The 
well known gas law, Eq. (2.3-1), is an example of an equation o> 
s*ate for gases. While such equations of state are readily assign¬ 
able to gases and some liquids, their formulation for solids, es- 
ppcially metals, is nat readily accomplished, since complete 
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specification of the condition of the solid requires inclusion of 
the past history of the material. 

F or an unsteady-state system, the properties of the system 
vary with time. Thus, a system which is "undergoing a temperature 
chance is an unsteady-state system. If, however, the same system were 
brought back to its original temperature and other thermodynamic 
properties, or if the properties of the system are constant with 
tine' the system could be considered to be a steady- state system, 
since the state of the initial system and the final system are the 

same. 

EXAMPLE 5.1-3- When car. a batch-type refining furnace be consider¬ 
ed a steady-state system? 

Solution: A batch-type refining furnace meets the definition of a 
steady-state open system when a sufficient number of successive 
heats are considered to provide the average qua ity that is essen¬ 
tial for steady-state analysis. A single heat in a refining fur¬ 
nace, obviously does not represent steady-state conditions. 

Finally systems are also broken down further into homogen¬ 
eous systems and heterogeneous systems Metallurgical tenr. can 
conveniently be used to describe these two. Liquid metal (or 
solid solution) when considered alone is a homogeneous sys e i , 
since it has the same properties throughout. Two solid solutions 
or two liquids or any combination of two or more homogeneous phase 
which result in abrupt changes in properties at phase boundaries 
and which could, theoretically, be mechanically separated, cons 
tute a heterogeneous system . 

5.2 THE FIRST LAW OF THERMODYNAMICS 

The first law of thermodynamics is concerned ^ energy 
changes within a system. Energy changes in a system can occu 
a varietv of w#frs: The addition or removal of heat from a sy 

‘r, °""V Pitting h ea t intg a engi» •; „g 

out work is another. When a liquid freezes, heat is evolvea, 
whereas when the liquid is vaporized heat is fequired^ 
furnace is heated not only by the comous.ion o fr0IT1 the 

by the sensible heat acquired from the Preheated air without 

raw materials. Therefore energy changes can occur wit t1on 

an accompanying change in the mass o> tne y■ - ■ exothermic 

of heat resulting free a contest,or process The 

process while other reactions are known to require ■ . y hile 

(endothermic) process. The oxidation or carbon is exo he™c ^ 
the reduction of C0 Z by C is endothenrnc. When a 9« « doa - 
as in a tire pump, work is cone on tne system A batchy ^ lifts 
electrical work when it is used. ^A magnet ooe^ met als to 

an iron bar. Surface energy causes S^in jun.-- ^ this energy, 

acquire specific conn gu rations which tend t° ' ^ in the form, 

Mechanical working of metals contributes ene gy V of a disto rted 

of heat, which may be lost gradually, or in the _ _ The 

nr. cold worked structure which may be retained indefinitely. 
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Ei«»'* LAN 


- r f to some uni versa 1 , Taw. 
fere First Law of Thermodynarm 

SsH-laW 15 


The answer is 
es, 


"yes" and the 


. rp a device for directly measuring energy is not available, 
U ; : S /-hanQes can only be inferred from the changes-^ properties 

li . energy c ^ by uslng an equation similar to Eq. ^5.1-lj or Eq. 

S: of t^, Sy -fne first law also provides a means for calculating 
H (5-1'^v 0 g S an d develooing relationships between the system s 
m *»?% changes and changes in the properties of the system. 


mt 

e 


ipf 

If 1 -- 

><-■ 


.. 

|s£' 

te; 


?-' 




o^rgy changes and change 
2.1 GENERAL CASE 


The simplest statement of the First Law of Thermodynamics is 
J gov is conserved . For any law of conservation. 

Input = Output + Accumulation {5.Z-1) 


Thus, the conservation of energy, 


Input 
of Energy 
to the 
Sys tem 


Output 
of Energy 
From the 
System 


Accumulation 

of Energy 
Within the 
System 


(5.2-2) 


s truzuiim ti, -Sn i f . 

”: •‘f r r Ih. eheeSV hiJh fl StOTEd within E.syEtE. iLE to thE 
tlon and Coitions Of the -J« Uffiound- 

PflHfeTylS'ilu to .iffeErature difference between the sys- 

not be considered. 

The total energy of a system (symbol E 1 ) is an extensive 
property''of the system. The total energy of a system of mass m 

given by 


E' = U' + E' + e; 


(5.2-3) 


where U‘ is the internal energy of the system. The kinetic energy 
<->r fine ewetom fcvmhol F. ) is 

2 


of the system (symbol E^) is 


* _ B1V 


E = 


k 2g c 


(5.2-4) 


where v is the average velocity of the system. The potential 
energy equals 


' _' m q Z 
L p " g c 


(5.2-5) 


where 2 is the relative position of the system. 

Combining Eqs. (5.2-3) through (5.2-5) yields 




(5.2-6) 


The snerific energy (symbol e), the engraoi r of 

the system equals 



(5.2-7) 


„ here u is the speoific intern.! energy, the internal energy per 
unit mass* 


To formulate » -th-ylc.! Gf" 3 "’' 

it is now simply necessary , shown in Fig. 5.2-1, 

rK,S S-S’SK rs-.i£ "«?•« «i«: 



IW 



bO 



Figure 5.2-1 Energy and «ss flows in an arbitrary, 
y open system. (From Ref. 2) 

Energy inputs to the system: 

1) The energy carried in by mass fim, entering the system a 

1. 


6m | 


fim -1 


£ 

fim^Vi g ~L\ 

+ _LJ— + —— 

2g~ 9L 


(5.2-3) 


- --- . t invt Prentice- 

2 n nark, Thnmodvnamics : ._flj ^Ayto 1 Instructional_i^ ' 

Hall , Inc., New Jersey, 19b;. 


















































S?MA TEmAL 


AN 0 energy BALANCE CALCULATIONS in metallurgical processes 


- 

SE->r-- 

- 

tei:. ■ 


■ The work done on the system to move Sm^ across 1 and into 
the system, and 

3) The heat added to the system, fiq. 


f EK r g y -“‘puts f ™ thE SySt “ : 

T) The energy carried out by Sm 2 at 2, 


W- 


g ^2 

im 2 e 2 = <Sn 2 u 2 + + 9 C ~~ 


(5.2-9) 


2 ) The work done by the system to push Sm 2 across 2 and out 
of the system, and 

3 ) Other work done by the system, 6w 

The conventions that are used in this text for the signs for 
. snd heat are' heat is positive when added to or absorbed by 
' tL svsJem aJd work is positive when done by, the system. Thus a 
positive id is an input, while a positive fiw is an output from the 

syStem* 


Rearrangement of Eq, (5*2-2) yields 


Accumul ation 
of Energy 
Within the 
System 


Input 

of Energy _ 
to the 
System 


Output 
of Energy 
from the 
System 


( 5 . 2 - 10 ) 


Thus the accumulation of energy within the^system (symbol «’)* 
can be found by substitution of all of the inputs and outputs of 
energy into Eq. (5*2-10). 

-2 - 2 
6miVi 6m-i gZ^. 

—+—=—-—+o q - (6 (Tin u 


dE 


<5 m _2 v - finiggZg. 


^2 ^ 2 


29.. 


-fiW 


(5.2-11) 


where 6W, the net work done by the system, equals 

6W = sw + Flow work to push out 6m 2 -Flow work to add (5.2-1 a 

If there is a pressure P, at the entrance to the system at 1 
and the entrance has an area A, a force in finitesimally greater 
than P,A must be exerted to move material into tne system. Calcu¬ 
lation of the flow work, 6w f 1 , to move a unit mass of the fluid a. 


*For intensive and extensive properties or the system, - W' ■ - 

used to indicate a small change in the value of the property an 
A to indicate a large change. Energy in transit, he a., a no v.^rx, 
are not properties of the system, and their increments are desig¬ 
nated by ; to differentiate them from changes in the proper.! es 
of the system. 


+ _ ran be done by assuming that for ail practical 
nest £ e* e rtee is =teei to P,A. The 

work then equals 


6 Wf = Force • distance 


(5.2-1 3) 


, +UT, rairulation is chosen so that the 
where the distance ^ or f L ' h f , ;j a + ] v,, equals 
velume per unit mass of the fluid at I, 

= distance • A (5.i-l^i 

° r /a (5.2-15) 

■ distance = v-j/A 

« fi -v«v« 

6 »f, ’ Vi 

Similarly, the flow work to move a unit mass out of the system at 

2 equalS (5.2-13) 

T 2 c 


For ^ and Sm 2 moving into and out of tne system ^ 

5V1 = 6W + 6m 2 SW f ^ - 6m -| fiw f-j 


. , e „ n7 , ( 5 2 - 13 ), and (5.2-19) into Eq. 

Substitution of tqs. term s yields 

(5.2-11) and rearrangement of the terms y 


_2 7 
v n gz 


2 7 
v n 9Z 


V, (5.2-20) 


.For a system with a combination 
general statement of the First Lew is 

n 

d£* = 6q - AW + I im. (u- 
i=l 


of n inlets 


7. 2 

PtV- + — 

1 1 2 9 c 


and outlets, a 



(5.2-21) 


where m, is the mess In St™ 1 end is P^.?’ ” 
stream and negative tor an outle . 
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MA' 

. nf , h=nDe of energy in the system can be found by 
d iIg e both%Ses Of Eq. (5.2-2 0 by the tine increment At, 


divi 


_ 2 


n 


6m, 


dL. . $1 - £* + E ^ (u, + P,v 

At At ^ Ax 1 i 


9 Z i 


At 


. + 


1.2-22) 


- hen letting at approach zero, 


dE_= n 

dt 


n 

w + E 
i=l 


7i fLi 

m. (u. + P i v i + 2g + g c ' 


( 5 . 2 - 23 ) 


when* dE'/dT is the instantaneous ™te jf f ange jf the^nerg^n 

SySTS-M "« rate „ .«« 1 . 

ble „ s s.?°r s 

5 . 3 , and in Chapter 6 . 

5 . 2.2 SPECIAL CASES 

A, Isolated ifr/stems 

»“« s'SnSSi-.f™ *«•«£■ ,«>” 

»s5»^’ re ra:T, ttwr. s c^.™- 

tion of energy. 

A mathematical expression of the First Law for an Isolated 

system is obtained when the restrictions on , 5 2 - 21 ).’ 

fiq = 0 , Sw = 0 , and 6 m = 0 are substituted into Eq. tb.z ; 

Thus, for an isolated System 


dE = 0 


(5.2-24) 


Where there are n different energy changes occurring within 
the isolated system, the First Law is 


n 

I 

1-1 


dE, = 0 

i 


{ 5 * 2 - 25 ) 


EXAMPLE 5*2-1: Many liquids can be cooled below their nor. 
solidification temperature, i.e, supercooled, Noweve , ^ « 

fi cation begins, the liquid will completely soli airy on y « 
free to exha cist all of the energy given off during soli 
to the surroundings. Determine what fraction ot one mole 0 
copper which has been supercooled to 1307K and placed into an 
isolated system will solidify. The normal melting point \f ree ^ 


point) of copper is 1357 

copper at 1 307 K going to solid copper at 1357 K 

is 2745 cal/mole. 


L , v , tem the total energy given off by 

Solution: For the isolat'd sys • and heats up must equal the 
the y moles of copper wn^h so which only heats up, since 

energy gained by the 1 -y moies ^ ^ 


aE = 0 

The change in energy of the liquid copper will equal 


(1 -y) moles-375 cal/mole = 0'*> 37 ° ca 


' w +hon heats up, the change oi 

^ , ,ui rh frp^zes and tnen neau u h * 

For the copper which .re^ze± 

energy equals 


moles -(-2745 cal/mole) = csl 


Therefore, 


375(1 -y) + y(-2^ 5 ) = 


or 


)A 2 moles Cu solidified 


be heated to the normal melting poi ■ 


B. Closed Systems 


For closed systems transfer of "^across * 

boundary is not permitted. Thus, Eq. 


dE* = eq - 6W 


(5.2-26) 


The implications of the first converted ^ 

demonstrated by considering ^ e experiment, ° 

* cha "i“LK 3 y t 1 n n on unt temperature by exp^ng it to a cor 


*33 


! 


demon 5 craieu u 3 ln this experiment-, 

mechanical energy into heat ture by exposing it to a co 

water is brought to constant temper« ^ xt ,. rE) see Fig. 5 . 2 -Z. 

stant temperature bath, e.g. ° chirred by a paddle actuate 
Lp water in the container is now work output of the fall- 

.1 falling weight in such a manner th t is the n allowed to 

in weight can be measure Tn Se container returns 

come to equilibrium so that the « aMun t of heat added to the 

its original temperature of 273 . 4 . me D f ice whicn melt,, 

to. by this pro«» u *» r h4Ve occurred during 

allowing for the normal me carried out with differed 

thP test interval* when tms wi- | t is found that w 

Si cons tan t-terapera ture bath ad^ > 


—- - ■ p 31 (1847), 173; 35 (1849), 

(3) j. p. Joule, PMJisoEhicalJlasaz^a 31 (184 
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Insulated box or vacuum jar 


Container of 
water stirred 
by paddle 


Constant 
temperature bath 


Figure 5*2-2 Schematic illustration of Joule's experiment 
converting mechanical energy into heat. 


to the work input. If the water in the container is considered to 
be the system under consideration, we note that the process of 
heating the water by the rotation of the paddle and the return of 
the water to its original temperature by transferring the heat to 
the ice-water mixture does not change the state of the system 
since it has the same state properties of temperature, pressurs, 
and volume after the test as it had before. Therefore, since the 
energy of the system is a state property of the system, the energy 
content of the system must not change, i.e. dE 1 = 0, and Eq. 

(5 _ 2-26) yields 


- 6q - "5w 


(5*2-27) 
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Thus, the work energy input can be equated directly to the heat 
lost to the ice-water mixture* 

It should not take too much imagination to visualize that 
this experiment could be modified to include several fonms of input 
(work) energy. In all cases, the relationship between work input 
-nr neat los" by the system (shown in Eq. 5.2-27) must be obeyed. 

U should also be possible to combine several forms of work input 
to effect the same' results. As a consequence, we can generalize 
Eq (5 2-27) to include the energy added to the system by electri¬ 
cal work, iw e ; by magnetic work, Sw m , etc. 

-6q - (fiw g + 6w m + (5.2-28) 

if the container of water is kept out of the constant tem-_ 
perature’bath and insulated from its surroundings^ uring an experi¬ 
ment it will h n at uo from the action or the paddle wheel, iince 
""rk’wK toi on the system adiabatica!]^ that as, ho heat was 
transmitted to or from the surroundings. 


dE’ - 0 - (-<Sw) = Sw 


(5.2-29) 


The increase in Ohonoy^nophesented^by^dE^is^associated^with 
increase’that (annot be accounted f “ r , b » * ny “(.( h 4 c ™ c09 e " t ) Zed this 

S5.MS -s) S - 

tem. Therefore, under the c o nditions of constant kinetic an d 
potential energy , 


dE’ = dU' 


(5.2-30) 


and 


dU’ = sq - «w 


(5.2-31) 


- The interna, energy « * 

a sufficient number o, its state v T 1 ^ ,es ’ inq the sta te of the 

KSiT."iS?.Tt f the state variable .in resuU 

!?cST.”SS: Si .Vr*c 


iU' - 3/2 nRiT 


(5.2-32) 
mols of gas 


where R is the ideal gas constant,n is ^ chan . ge of the system 
in the system, and the absolute te P_ rea i oases or solids 

is AT. For more complex su b 5 tances JC^ _, uffice> and ot her van- 
or liqL 
ables 


»e system, *nu w.e —' irh re al gases or son^ 

\ .■ For more complex substances such d other van- 

: qui ds , these simple energy. It is. 

>, such as pressure, also in.lue.i- . Je definition of in- 
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. : the means to develop the relationship between internal 
roVld changes and the changes in the state properties of .he 

:ner ^ vT^hlch make up the system, 
lateri* 

u 0 rk comprises the various energy terms that are listed ir, 

,, P 2 8 i 'Some texts imply that work is equivalent to .he work 
: V*Dansi°nof a gas. This is a specialized case and is liable 
3T If confusing when other forms of work such as electrical wont, 
tC rnnsidered! The work term can be separated into two components: 
are work of exoansion done by the system, and 6w* useful work 
oilier than the work of expansion. Following this convention, 

dU 1 = Sq - fiw 


= Sq - SWp v - Sw* (5.2-33) 

The work of expansion of a system equals 

Sw pv = PdV (5.2-34) 

thus, 

dU 1 = fiq - PdV' - Sw* (5.2-35) 

If only work of expansion is considered, Eq, (5.2-35) can be 
rearranged as follows: 

dU' + PdV’ = fiq (5.2-36) 

At constant pressure, 

dU 1 + PdV 1 - dU’ + d(PV') = d(U’ + PV’) (5.2-37) 

or 

d(U' + PV ) = Sq (5.2-38) 

The combination of U’ + PV occurs so frequently that it has been 
found convenient to designate it by a special symbol^, H > 

H 1 = U’ + PV a enthalpy (5.2-39) 


* The symbol H 1 will be used to indicate the enthalpy of the total 
system, an extensive property. The enthalpy £ | . C un ^ an 

intensive property, will be designated by h 3 while H win be 
used to designate the enthalpy per mole , aiso an intensive pro¬ 
perty. If the enthalpy is that corresponding to a specinc ele¬ 
ment or compound i, the subscript i is used, , and if iu is 
for the element or compound in its standard state , the superscript 
o is used, e.g., H^ 0 * The standard state of an element or com¬ 
pound is taken to be the pure substance in its most stable form 
at 101 kPa (1 atm) and the temperature of interest. 
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Combining Eq. (5.2-33) and Eq. (5.2-39), 

dH 1 = fiq (5.2-40) 

. ,, rnnriition of orassu rs hsld constant and 

Thus, ur.oer the -V— * ■ „ a ^ cin n. the enthalpy change is egUsl 

the only that. M bTs h^n 

3 obviously this is only a specialized 
called the heat come i. . -■ gre cons idered or are absent, 
case, where other forms ot "enthalpy change” for aH 

Therefore, it is be*ter to us. the tei* state 

property^sinoTi t isTdefiH^^pg^Jjo^represen^^thermodyrianii c 

»n b„ one cnpe of 

state occurred. 

E™PLE 5.2-2: Ctty-n. m 

2 (S STTSyJTIt >030 K when one »o!e of »apetite (FejOj) 
?( i) carbon to fore, iron and carbon .ononde. 

Solution: For a closed system at constant pressure and doing no 
work other than the work of expansion 

dH' = fiq 


or 

SH l = q 

The'enthalpy change required for the reaction 

Fe 3 0 4 (s) + 4C(s) + 3Fe(s) + 4C0(g) 

at 1000 K is + 153,800 JJ J e 3 0 ^be" gained from*" 

system to have an increase_in_enth react ion. ■Conse¬ 
quent reaction 'must receive 153,800 cal from the surroun - 

ings per mole of magnetite reduced. 

EXAMPLE 5 2-3‘ How much heat must be removed at constant P 

f™ a Mie of water at 213 K to produce a »le or ,ce at 

Solution: For a closed systeo at constant » reS5Ure < "”" 9 
work other than the work ot expansion 

dH' = sq 


or 


For water going to ice at ,273 K 


q 


flH = q = -1436 cal/mole 
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i n rips must be given off to the surroundings in order to 
or 1436 “Jie of ice from one mole of water, when both are at 27 j< 

SVolVt 

Q t Open Systems at Constant Pressure 

Fnr most metallurgical processes, the kinetic and potential 
of the inlet and outlet streams are small relative to the 
th2 energv equation and are usually ignored. Thus, 
other metallurgical system that is at constant pressure, contina- 

W ■ofSll (1.2-21)! 15.2-30) sod 14.2-37) yislds 

n 

dH' = 6 q - 6w* - E (5.2-41) 

1=1 

Th is final equation is one of the most useful forms of the first 
i aw for metallurgical engineers. 

^rSmSsS&SSSs. 

all other enthalpies can be determined for use in Eg. 

(5.2-41). 

iSJS’ 5 jocK! 1 " 

-232,450, +5830, +281 O' and -21 ,230 cal, respectively, what is 
heat requirement of the process? 

Solution- If it is assumed that the process is at constant pres- 
sunward'operating Et stEad,-state, and that ro work ether than 
the work of expansion is being done, 

dH 1 =0 and 5w* = 0 


If kinetic and potential energy changes are also ignored, the 
energy balance can be found using Eg, [z.-c ^ i ^ * 


or 


n 

0 = 6q * E 
i=l 

r r n 

~<$q 38 I 
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However, 


h i - H i /W i 


sq - s ^ 
1=1 


6m- 

-J- ■ H, 


i=l 


n 

= E fin i H i 
i=i 


where 6^ is the number of moles of i in the stream. For flowing 
systems, 


and 


n 

&q = I 6n i H i 
1=1 

n 

-q - i n,H. 
M li 


whRr e n, it the flow rata (.oWwit time). ‘" F ® 

moles per hour of magnetite enter the proce . F hou r of 

metry of the reaction see ExampT 5.2- Q -™™'^ 0 P raoleS 0 f 

carbon must be supplied and 150 moles ° _ 

carbon monoxide will be produced. Therefore, 

-q = (50 mol Fe 3 0 4 /hour) + (200 ™1 C/hour;-H c 
-(150 mol Fe/Hour)-H Fe - (200 mol CQ/hour)-d Co 

= (50)-(-232,450) + (200)-(2310) - (150W5830) 

-(200)’(-21,230) 

= -7.69 x 10 6 cal/hour 


or 


6 

q = 7*69 x 10 


cal/hour 


This process is endothermic, as * h **J J n Excnple ^ 2 ? 2 ’ 9 x iq^/50 
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is 


, . nt hp c urD rising that the same energy requirement 
11 sh0 H 1 ?nr *hll open system as for the closed system in 
„ calculated ^this^P^ ’ in Section 5.1, there_are many ways 

peaking down any process into systems. 

5 _ 3 esthalpy 

. mot-ail urai cal systems are at nearly constant 
Because mos,. production of useful work, most 

pre5 sure and <>o not involve t(j balancing the enthalpy changes 

energy balance e Eystera . Methods for calculating ind*ividua 

occurring within t y - this Section. Sources of daua 

-^^fcufaS^^S^rchrngerare discussed in Section 5.4. 
Chapter 6 describes system enthalpy balances. 

5.3.1 ENTHALPY INCREMENTS 

The enthalpy per mole, an intensive variable, can be repre- 
,ent=d b? an equati on similar 1" Ed- I 5,1 ' 11 ' 

H ■ f (I n .l 2 ) l5 ' 3_1) 

t an d 1 are any two intensive properties of the system. I 3 
fnd r i 2 ire qsill" chSan to be the temperature and pressure; 

hence > 


H = f (T ,P) 


(5.3-2) 


equals* 


Since enthalpy is a thermodynamic property, its differential 


-» ■ (ff> p 41 + 


dP 


(5.3-3) 


For a system at constant pressure, 

dP = 0 


(5.3-4) 


and Eg. (5.3-3) becomes 


dH = [jWj dl 

l ar 


(5.3-5) 


dH - dT (5.3-6) 


T n p differe ntials of thenr.odynamic or state properties are called 
exact differentials and have special properties because t 
changes are independant of path. For details seep 

in G B Thomas , Calculus and Analv rical^GeOTgtry., 
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or 


dH = C dT 
P 


(5.3-7) 


W here C p is the proportionality constant and is called the (molar) 
soeci fi c tie at. 


■at- uat ic pnual to the amount of heat required to 
The specific heat is e R f SQ t, s tance one temperature 

raise the temperature of one ^tensive property. Other names 
unit. The specific heat is an ^; mUr heat capa¬ 
city/^h^TpSy of .a 5JSg» "^entire System" ’ 

'?£ SaScnsM^eSeSlnii^dual heat capacities and system heat 
capacity is: 

(5.3-8) 


C' = nC 
P P 


or, for a system with several components, 


C n = E "l C p, 

all i 


(5.3-9) 


. n is th „ nLimb6 r of moles of i in the system, and C has 

“uSS in.™ pen i W “ 1 ,er,t “" ! ' 


i t „f r or c’ are for systems at constant pressure 
The values of L or L p are «' j 

only. For systems at P constant volume 


dU = C v dT 


(5.3-10) 


or 


dU = C v dT 


(5.3-n: 


where C v is the specific heat 


at constant volu^ and the heat capa- 


ci ty 


of the system at constant volun* equals C v . 


Por i deal gases s 


Cp = C v + R 


(5.3-12) 


For other substances (5 3-13) 

C = C v + VTn"/B 1 " 

uhere , 15 the molar folume> • if the coefficient of thermal eh- 
pans ion of the material, 


- I (JiLi 
a “ v ^Tf ■ 


(5 . 3 - 14 ) 


m 
















ltn ENERGY BALANCE CALCULATIONS IN METALLURGICAL PROCESSES 

Material and ene 


tfA 


§ ! the isothermal compressibility, 

and 5 1 

a = 1 [3V) 

B V V T 




(5.3-15: 


8 ?-- 


c c 3 _v Calculate the percentage difference between C p and 
Tr icon at room temperature. The properties of iron are: 

/_ 51 x 10' 6 /K, s = 0.52 x 10' 6 /atm, V = 0.00711 i/mole and 

“ ~ = 5 98 cat/mol*K. 
l F 

"solution: Rearrangement of Eq. (5.3-13) yields 

C - C a 2 TV/S 

2-r-* x 100 % = — F - x 100 % 


Substitution of the data, T = 298 K and conversion factor from i 
-atm to calories yields 


P — x 100% = 2.04% 


Thus, C 0 is approximately two percent greater than C v 
room temperature. 


for iron at 


The enthalpy increment , is the amount of heat which can be 
stored in an object by raising its temperature from to T^. . Tne 
'enthalpy increment, [H(^P) - H{T-[ a P)3, is found by 'integrating 
Eq, (5.3-7). The result of this integration is 


[H(T 2 ,P) - H(T-| ,P)] = j C p dT (5.3-16) 

n 

Specific heat data is normally presented in polynomial form, 
such as C p = a + bT, or C p = a + bT + cT"S making the integration 
in Eq. (5.3-16) quite simple, 

EXAMPLE 5,3-2: Calculate the enthalpy of copper at 1 DOCK, and the 
enthalpy increment for heating copper from 298K to 1QG0K, The 
specific heat of copper at 101 kPa (1 atm) can be represented by 
the equation 

C = 5,41 + 1,50 x 10" 3 T (cal/mol-K) 

P 

Solution: The enthalpy increment is found using Eq, (5 r 3-15). 

For copper s 
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[K("1000 K, 1 atm) - K(298 K, 1 atm)j= 


1000 

(5,41 + 1.50 X, 10' 3 T) 


dT 


298 


- 5.41T 


1000 


298 


1.50 x 10 


-3 


1000 


298 


= 5.41(1000-298) + 0,75 x VO -3 (1000 2 - 298 z ) 
= 4480 cal/mol 


The enthalpy of copper at 1000 K can be found since the 
enthalpy of the pure element at 298 K and 1 atm equals zero by 
convention. Therefore, for copper 


H (1000 K, 1 atm) = 4480 cal/mol 
Cu 

In certain instances mean specific heats are used to facili¬ 
tate calculations. The mean specinc heat is defined as 


C 

P 



dT 




(5.3-17) 


Th-ic value as well as the values of specific.heats should only be 
used within the_temperature ranges for which it has been e e - 
mined to be valid. * 

When the mean specific heat is used, 

[H(T 2 ,P) - HtTpP}] = Cp-tVh) (5.3-iS) 

EXAMPLE 5.3-3: Determine the mean specific beat Tor copper 
293 K and 1000 K. 

Solution: Rearrangement of Eq. (5.3-18) yields 

H{T ?i P) - H(T“j ,P) 

-t - -— 
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he results from the previous example. 


Us^ng 


r - 4480 cal/mol 
P " 1000K-298 K 


= 6.38 cal/snol'K 

r 0 ,gi r 5 3-4- Calculate the enthalpy increments for copper between 
q- K and' 500 K, 700 K and 900 fc using the true and mean specific 
heats. Estimate the maximum error. 

i rim' The enthalpy increments are found with the true and mean 
specific "heats using Eq. (5.3-16) and Eq. (5.3-18), respectively. 
The results are tabulated below. 

Enthalpy Increment (Hy-H^g) 
Calculated from 

Eg. (5,3-16) Eq» (5,3-18) 


jpno erature 


500 K 
700 K 
900 K 


1215 cal/mole 
2480 cal/mole 
3800 cal/mole 


1290 cal/mole 
2550 cal/mole 
3480 cal/mole 


The maximum error occurs at approximately 650 K where the 
value calculated from the mean specific heat data is about 90 cal/ 
mole too high (approximately 4%), 

Synonyms that are used for the enthalpy increment are heat 
content and s ensible heat . Alternative symbols such as A H sens -j, 
iHfl, V T 0 ), and Hr - H T are used to indicate the enthalpy mcre- 
I i 2 '1 

merit. Enthalpy increments are tabulated for elements and compounds. 
Examples of such tabulations are discussed in Section 5.4. 

EXAMPLE 5.3-5: Determine the energy requirement for heating one 
mole of copper from 500 K to 900 K. 


Solution: Since 


t H 900 " H 500 


900 

. J 

500 


t dT 


and 


900 


900 


500 


C dT = 

C n dT - 

1 P 

P 


C p dT 


500- 


296- 


298 


t H 900 " H 500^ >= ^ H 900 " H 298^ " - H 500 " K 298^ 
Using the results from the previous example 
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[HggO - H 500 ] = 3300 cal/mol - 2480 cal/mol 
= 1320 cal/mol 


5.3.2 LATENT HEAT 

When a first-order phase transformation occurs within a sys¬ 
tem, energy must be added to or subtracted from the system at the 
temperature of the transformation. The temperature of the system 
doe^ not change during this process, but the enthalpy of the system 
do“s change by the amount of heat required to produce the trans¬ 
formation. This enthalpy quantity is called the latent heat of _ 
transformation (symbol AHy), Particular examples Oi latent neats 
of transformation given separate symbols are the la Lent heat oi 
fusion (melting), aH m , and the latent heat of vaporization. AH V . 
Melting and vaporization are always first-order phase transiorma- 
tions " Some solid-solid phase transformations (e.g. ferrite- 
austenite) are first order, but others (e.g., order-disorder trans¬ 
formations) are second-order and have no latent heat. 


The energy added to a system to produce a phase change in¬ 
creases the enthalpy of the system at the transformation- temperature 
of the system. Thus, when a p! 
while heating an object from T 
thalpy of the object will equa 
1 atent heat of transformation: 


base transformation occurs at lt 
i past T t to To, the change in en- 
1 the enthalpy increments plus the 


T 2 

= b c , .dT + AH t + f C „ ,,dT (5.3-19) 

l (phase 1 } L t p(phase 2 ) 


iH (T, + T,) = t (phase 1) 


The integration in this case must be broken into two parts because, 
in general, the specific heats of phase 1 and phase 2 are different. 
Aoain care must be taken to be certain that only specific heat 
data appropriate to the temperature range for each phase is used. 
Also, it is a good practice to use subscripts m the equation to 
identify the data to be used, i.e. C p {phase } y etc. 

EXAMPLE 5.3-6: Calculate and plot a graph of enthalpy increment 
for heating copper from 500 K to 1500 K. Copper melts at 1357 K 












C = 7.50 cal/mole 
P 


Solution: The enthalpy increment can be found using Eq. (o.3-i9;, 

1357 1500 


aH 


(500K + 1500K) 


500 


C. dT + AH + 
p Cu(s) 


dT 


Cu( 3.) 


1357 
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IT" 

is 

1357 


1500 


( 5.41 + 1.5 x 10" J T) dt + 3120 + 


7.50 dT 


500 


= 5.41 T 


1357 


1357 

1357 jl 

+ 0.75 x 10"' 3 r 2 

+ 3120 + 7.50 T 

500 

500 


1357 


= 5 .41 (1357 - 500) + 0.75 x 10 " 3 (1357 2 - 500 2 ) + 3120 

+ 7,50 (1500 - 1357) 

= 10,020 cal/mole 

The enthalpy increments are shown in Fig. 5*3-1* 


EXAMPLE 5.3-7: Determine how much heat is given off during a con- 
ctant pressure process in which one mole of zinc vapor at 1 18 I K 
is converted into one mole of solid zinc at £93 K, The required 
data are summarized below. 


Boiling Poin “ 1181 Melting Pointy - 69 3 K 

AH = *27,560 cal/mole; H r * -1 ,765 cal/mole 
g+i i 

C p{liqB) = 7,5 cal/mole-K; C p(s) =5.35+2,40 x 1(T 3 T cal/mole-K 

Solution: For a system at constant pressure^and doing no work 
other than the work of expension, the heat given off from the sys¬ 
tem will equal the change in enthalpy of the system. 

dH - 6 q 


For a system which undergoes n transformations, Eq* (5*3-19} can 
be generalized to yield 


aH 


ITi 


+ t 2 ) 


r: 


C , . dT+AH t 

ptphase 1 ) L 

r 


C p(phase 2 ) dT 


aHL 


H(T) - 11(500) (cal/mole) 
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Figure 5.3-1 Enthalpy increments for copper. 


+ • • ■ ■ + 1 C p(phase n-l) dT + + 

Vl 


“p(phase n) 


dT 


For only two transformations. 


aH 


(ir T 2 ) 


C , . ,,dT + »H t + 
p(phase 1 ) ^ 


c , <rr 

p(phase 2 ) 


CMC A 
MAMA 


+ aH . + 

L z 


■2 

L 


c , , dT 

p(phase 3) 
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jp^ LAN 

Ip feSV■ -■ ■ u 1nv -increment for the zinc in this problem then equals 

sSSlhe enthalpy 

1181 693 298 


iScr* 

W&t -- 


C p(9) dT * ‘V * 


C i 'C] - iH. + 

PU) E.+S 


f 


693 


ipSa^(1181 H"293K) 

fe : 1181 1181 

f|j ' firs t integral above equals zero since the upper and lower 
jggJSit are the same: 

1181 

f C p(s) dT ■ 0 


C p(s) dl 




1181 


••'I Therefore, 

" H{H31K-^9SK) 


693 

=0 -27,560 + 

1181 


298 

7.5 dT-1765 + 

693 


(5.35+2.^x 10‘ 3 t ) dT 


= -27,5&0+7.5(693-1181)-l755 +5.35(298-693)+!.2 x 10‘ 3 {298^ - 693^) 


= -35>570 cal/mole 

Since the enthalpy change of the system is negative, 35,570 cal 
per mole of zinc is being given off to the surroundings. 

5.3.3 HEAT OF FORMATION AND REACTION 


The heat of formation of a compound (symbol Mi f ) is the heat 
evolved from or added to a system when one mole of the compound is 
formed at the temperature of interest and at 101 kPa (1 atm) from 
the pure elements in their most stable forms at 101 kPa and the 
temperature in question. The heat of formation is the heat 
generated for a particular type of reaction, i.e. pure elements 
going to one compound. 


The heat of reaction (symbol AHp) is the heat generated or 
absorbed by a system due to any reaction within the system. The 
heat of reaction is usually given per mole of a particuTar - product- 
formed or reactant consumed. However, care must be employed to be 
sure that the appropriate units are used and the extent of reaction 
is known. 


Since enthalpy is a state property, the enthalpy change for 
a reaction equals the enthalpy of the final state minus the en¬ 
thalpy of the initial state of the system. For the reaction 

f aA + bB - cC + dD - (5.3-20) 
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= CH C + dH D - (aH A + bH B ) (5.3-21) 

For the same reaction, the heat of reaction per mole of C equals 

iH R =H C + ! H D- (| H A + ^ H D> (5.3-22) 

For the special case of the formation reaction. 


- ^(ppoduct) 


I 

elements 


n i H i 


(5.3-23) 


EXAMPLE 5.3-8: Pure oxygen and pure iron are placed in a container 
at 1000 K and 101 kPa (1 atm) and allowed to react to form pure 
hematite (FeoCh) at 1000 K and 101 kPa. What is the heat of forma¬ 
tion of hematite if 192,600 calories are given off from the con¬ 
tainer for every mole of hematite produced. 

Solution: If it is assumed that the oxygen, iron and hematite are 
in their most stable forms at 1000 K and 101 kPa, the enthalpy 
change of the system must equal the heat of formation of the hema¬ 
tite, Also since the system is at constant pressure 

dH = Sq 


or 


= q 

since no work other than the work of expansion is being done. Then, 
since the enthalpy change equals the heat of formation, 

aHf = q 


or 

- -102,600 cal/mole Fe?CK 

Sh 

EXAMPLE 5.3-9; The heat of formation of uranium dioxide (1%) is 
-259,200 cal/mole at 293 K. What is the enthalpy of U0 2 at 298 K: 

Solution: .According to Eq. (5.3-23), 

= ^(product) . 1 . ^(element) 

elements 


U(s) + 02 ( 9 ) ** UO^ (s) 
AHf = Huo 2 - (Hu + H 0? } 


or, for the reaction 
















&R |AL AND 
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„ „ he enthalpies of pure U and pure 0 2 are taken by con- 
T09 e K l n 1 'bP equal to zero. Thus, 
verti° n t0 u 


AH f = H U0, 


= -259,200 cal/mole 


|g §k 1 nthalpy of a compound equals the heat of formation of the 
|!P e en " H only at 298 K, because only at this temperature are the 
HgtKipies of the elements equal to zero. 

F 5 3-10: The enthalpies of hydrogen (H 2 ), carbon monoxide 
® rnV methane (CH 4 ) and water (H 2 0) at 500 K are 1406, -24,998, 
910 and -56 ,143, respectively. What is the heat of reaction 


jfat 500 K for 




C0(g) + 3H (g) + CH 4 (g) + H 2 0(g) 


^Solution: For this reaction, the enthalpy of the products equals 
• II 7 h h g, the enthalpy of the reactants equals Hgg + 3H H , and 


jp: ■ : 

- 


+ H|_| q] - [(H^o + )] 


] 4 "2 W " 2 

= [(-15,910)+{-56 *143)] - [-24 ,998 + 3(1406]] 

= -51,273 cal 

This heat of reaction is per mole of CO consumed. The he at of 
reaction per mole of hydrogen consumed equals -51,273 7 3 or 
-17,091 cal/mole 

When all of the heats of formation of the compounds involved 
in a reaction are known at the temperature of interest, the heat 
of reaction may also be found by application of Hess' Law, 

" j , ^f (products) ~ \ + ^f(reactants) 

* products * reactants v 1 

EXAMPLE 5-3-VI: The heats of formation at 400 K for carbon monox¬ 
ide (CO) and water (H^O) are -26,300 and -58,050 cal/mole respec¬ 
tively, Determine the heat of reaction for the reaction 

^ 0 (g) + C(s) - C0(g) + H 2 (g) 

Solution: According to Eq. (5.3-24), the heat of reaction in this 
problem must equal 


AH R = AH f,C0.. + AH f,H, 


AH f,H 2 D " AH f,C 


The heat of formation is the heat gained or evolved when one mole 
of a pure compound in its most stable^form at the temperature in 
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their most stable forms at 101 kPa and the same temperature. 
According to this definition, the heat of formation of an element 
at any temperature must equal zero , since the product and reactant 
are the same, i,e. the pure element in its most stable form at the 
temperature in question and 101 kPa. Thus, at 400 K, 

AH f,C = tH f,H 2 = 0 


or 


iH R,400 K AH f,C0,4Q0 K “ AH f,H 2 0,400 K 

= -26,300 - (-58,050) ■ 

= 31,750 cal 

EXAMPLE 5.3-12: The enthalpies of carbon (C), carbon monoxide (CO), 
hydrogen (H?), and water (H ? 0) at 400 K are +250, -25,705, +707, 
and -56,972; respectively. Determine the heat of reaction for 

H z O{g) + C(s) -*■ 00(g) + H 2 (g) 

Solution: In Example 5.3-10, it was shown that 

aH R = ^(products) " lH (reactants) . 

Therefore, 

aH R = H C0 + H H 2 " h h 2 0 " H c 

- (-25,705) + 707 - (-56,972) - (250) 

= 31 ,720 cal 

The error of approximately 0.1* between this result and the result 
in Example 5.3-11 is caused by small errors in the data and is 
insignificant. The two methods for calculating the heat of reac¬ 
tion should yield identical results since the heat of formation of 
CO equals 


AH f,C0 ' H C0 " 


V2Hq 2 


and.the heat of formation of H 2 0 equals 


= H H„0 


- H h - 1/2H 0 
2 “ H 2 °2 


AH R = AH f,C0 ' Afl f,d ? 0 


Consequently, 
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= ^ H C0 ■ H C ' 1/ZK 0^ ' ^ H H 2 0 ' 

= H co + H H 2 ' H H 2 0 ■ H C 
5,3.4 HEATS OF MIXING 

To this point, only pure substances have been discussed. 

However, mixtures of substances, e.g. solutions, are of primary 
importance in the metallurgical industries. 

When a mole of species i at temperature T is added to a 
large amount of a solution at temperature T, heat may be absorbed 
from or evolved to the surroundings. This quantity of heat, which 
is the difference between the heat content of one mole of the sub¬ 
stance i in the solution (symbol Hj), and one mole of pure i, H i , 
is called the heat of mixing (symbol aR™)*: 


-m o 

AH. = H. - H. 
i i.i 


(5*3-25) 


Then for an r-component solution which contains moles of 1 , 
moles of 2* etc., the total enthalpy content of the solution is 
the sum of the enthalpies of each component; 


H 1 

r 

= E n i H i 


1=1 

f G m 

= E n.AH 

i=i 1 1 

r 

+ E n i H i 

1 = 1 

(Enthalpy 

(Enthalpy of 

of 

unmixed 

Hi xi ng) 

Constituents) 


(5.3-26) 


(5,3-27) 


For ideal gases, the heats of mixing are zero. The heats^of 
mixing for components of solid and liquid solutions may be positive 
zero, or negative* However, in many systems, these terms are small 
and can be ignored in engineering calculations. 


EXAMPLE 5.3-13: Determine the enthalpy of one mole of a 20* man¬ 
ganese -SOS iron alloy at 1873 K. (Analysis is on an atomic basis.) 
the heats of mixing for manganese and iron at this composition and 


* Heats of mixing, aH■ , are defined relative to the enthalpy or 
substances in their most stable form, i. e., their standard state, 
at the temperature of interest. Since they may be solid at that 
temperature* but dissolve into a liquid, care must be taken to 
make sure that the correct standard state is utilized. 
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-in -m ® 

temperature are aH^ - 640 and aH_^ - 40 cal/mtne, and H^ - 18550 

cal/mole and “ 19380 cal/mole. 

Solution; In general, the enthalpy of n t moles of a solution can 
be found using Eq. (5*3-27). 


, m -H m ° 

H = E rw AH + l n* H. 
i=l 1 i=l 1 

The enthalpy per mole of solution will equal 

u 1 m n- o 

H = L= i -iAH% I 

n t i=i n t 1 i=l n t 1 


m -in m 0 

= I X. AH ' + E XaH 
1 i i =1 1 1 


1=1 


Thus, for the solution of interest in this problem, 

m o ° 

H = X Mn A >k + X Fe iH Fe + X Mn H Mn + X Fe H Fe 


= 0.2(640) + 0.8(40) + 0.2(19380) + 0.8(18550) 

= 18,880 cal/mole of solution 

In this case, the heat of mixing changes the total enthalpy of the 
solution by less than IS. 


ncAKPI E 5 3-15' One notable exception to the generality concern- 

ing negligible heats affixing stated above is tab 

nixture', JP.T-M.Uo’SWLir”* K.“m enthalpy nf.pune 
liquid sili^in at this temperature is 20,900 cal/mo!i e ™^ con 
If heat has to be supplied ^ a system in which one mole o^sil^ 
at 293 K is added to a large bath of 20* Si - 80S Fe 
1853 k in order to maintain the resulting bath at ishJ k. 


Solution: The total enthalpy change for the system is the: change 
to mixing. - 


^(process) 


- tH Si (298K 

O 

' H Si ,1353 " 


-m 

* 1S53K) + aH Si 


H Si,298) 


-m 

4 aH 

5i 


= 20 5 90Q + (-24,100) 
= -3200 cal/mole Si 
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this process is clearly exothermic, heat does not have to be 
" unplied* The mixing process liberates enough heat to heat up the 
■-silicon and still give off 3200 calories to the surroundings* This 
fieat of mixing cannot be ignored in energy balance calculations. 

The heat capacity of a solution is also affected by the mix- 
r ing process. As a first approximation, the heat capacity of a 
solution can be estimated from Kopp 4 s Law 


i m 

C = L n-C 
p i=i 1 pi 


(5.3-23*} 


■ or 


C P = 


m 

I 

i=] 


X- C 


Pi 


(5.3-28b) 


where C is the specific heat of pure component i. However, this 

approximation is only completely true for mechanical mixtures, i.e. 
substances which do not combine with one another upon mixing, and 
extreme caution should be used when using Eq, (5,3-28) to estimate 
data for solutions. 

EXAMPLE 5,3-15: Air is'assumed to be 21% oxygen and 79% nitrogen 
in most engineering calculations. Estimate the heat capacity of 
five-moles of air at 298 K using Kopp J s law, given that the speci¬ 
fic heats of oxygen and nitrogen are 7.16 and 6.95 cal/mol*K, 
respectively. 

Solution: Five moles of air will contain 5 x 0,21 = 1,05 moles 
of oxygen and 3.95 moles of nitrogen. Using Eq. {5.3-28a), it 
can be seen that the heat capacity of five moles of air equals 

c' = 1.05 C . + 3.95 C . 

P P(02) p(N a ) 


= 1.05 (7,16) + 3.95 (6.95) 

= 35.0 cal/K 

The experimentally determined specific heat of air is 6.94 cal/ 
moVK at 293 K. Based upon this value and Eq, (5,3-9) 

c' = 5(6.94) 

P 

= 34.7 cal/K 

The good agreement (approximately 1% error) between the two calcu¬ 
lations results from the fact that oxygen and nitrogen behave 
almost ideally and mixtures of ideal gases a re* in essence, 
mechanical mixtures, i.e,, there is no interaction between the 
various components, Much larger errors can be expected for non- 
ideal solutions of gases or condensed phases. 
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5,4 SOURCES OF ENTHALPY DATA 

Energy balance calculations can only be successfully comply 
ed when all of the data required in the calculation are available 
or can be reasonably estimate. The two main forms for enthalpy 
data are either data compilations or thermodynami c relationships 
from which enthalpy data can be calculated. Use of these data 
sources is discussed in this section, 

5,4.1 DATA COMPILATIONS 

Enthalpy data are available in many different compilations of 
thermodynamic data*. It is impossible to list all of the compila¬ 
tions; however, some of the most useful are described below, 

A, National Bureau of Standards Publications 

NBS Technical Notes 270-3 through 270-7 entitled Selected 
Values of Chemical Thermodynamic Properties are published by the 
National Bureau of Standards.** These compilations contain heats 
of formation at 0 K and 298 K, enthalpy increments from 0-K to ■ 

298 K and specific heat data at 298 K for a number of the more 
common elements and some of their inorganic compounds. Additional 
compilations in this series may soon be available. 

EXAMPLE 5,4-1: Determine the mean specific heat for sulfur dioxide 
between 0 K and 298 K and the specific heat of sulfur dioxide at 
298 K from the data given in Fig. 5.4-1. 

Solution: The data in Fig* 5.4-1 shows that the specific heat of 
sulfur dioxide (symbol S0 2 ) at 298 K equals 9*53 cal/mol -K and 
that the enthalpy increment between 0 K and 298 K equals 2.521 
kcal/mol. The mean specific heat.is found using Eq. (5,3-18): 

T _ (2.521 kcal/molHlOQQ cal/kcal) 
p ‘ (298K -OK) 

= 8.46 cal/mol 

mS Circular 500, Series II (1952), Selected Values of Chemi¬ 
cal Thermodynamic Data , contains heats and temperatures of trans- 


* Data given in tables is usually for the pure substance at 101 kPa 
(1 atm) and the most stable form, at the temperature in question. 
Data for these conditions are often designated by a superscript 
0 and called the standard enthalpy change. For example, n is 
the symbol for the standard heat of reaction, which is the heat 
of reaction when the reactants and products are al pure sub¬ 
stances at 101 kPa and in their most stable forms at the temper¬ 
ature of the reaction, 

** Available from the Superintendant of Documents, U.S. Government 
Printing Office, Washington, D.C, , 204Q2, as publications. 
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Figure 5.4-1 Example of data compiled in NBS Technical Motes 270-3 to 270- 
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formations, fusion and vaporization of the elements and some of 
their compounds. 

NBS Monograph 63 (1963) is a Compilation of the Melting 
Points of Metal Oxides. 


B , i JANAF Thejvioahemicat Tables 

This compilation represents an on-going effort by the Nation¬ 
al Standard Data Reference System to provide an up-to*date compila¬ 
tion of thermodynamic information. The JANAF (Joint Army-Navy-Ai r 
Force) Thermochemical Tables and 1 974 , 1975 and 1978 supplements 
are printed in book form.* This compilation contains enthalpy 
increments and heats of formation for many of the elements and 
their compounds at all temperatures where data are available. 

EXAMPLE'5.4-2: Determine the enthalpy of one mole of CuO at 1000 K 
from the data given in Fig. 5.4-2. 

Solution: As shown in Example 5.3-9, the heat of formation of a 
compound at 298 K equals the enthalpy of that compound at 298 K. 
The data in Fig. 5.4-2 shows that at 298 K, the heat of formation 
of CuO equals 

aH f = -37.250 kcal/mol 


since 


H 298 


cM 


■0 

f 


and 


H 1000 ■ H 298 = 8 - 847 kcal/ ™l 
The enthalpy of CuO at 1000 K therefore equals 


H 100q >- 8.847 - 37.25 
= -28.40 kcal/mol 


C. [/, 5. Bureau of Mines Bulletins 

U, S. Bureau of Mines Bulletin 584 entitled, Contributions, 
the Data on Theoretical Metallurgy by K, K. Kelley, was published 
in 1960 by the Bureau of Mines, U. S, Department of the Interior, 
Washington, D. C, This volume contains high-temperature heat con 
tent and heat capacity data for the elements and their inorganic 
compounds^ 

EXAMPLE 5,4-3: Determine the enthalpy of 50^ at 950 K. 


* Available from the American Chemical Society, 1155 16th Street 
N.W., Washington, D.C. 20036, 
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Figure,5.4^2 Example of data compiled in JANAF Thermochemical Tables. 


THERMOCHEMISTRY 


Solution- Th° enthalpy increment for S0 2 can be found by interpo¬ 
lation between the values at 900 K and 1000 K or by use of the 
equation given in Fig. 5.4-3. Linear interpolation yields 

[ h 9S0" H 293^ = H 900 + V000-900'' ^ n 100(f n 29S' " ^’SOO" H 298^ 


= 6940 + Jj£ [(8230} - (6940)] 

= 75SQ cal/mol 
Use of the equation yields 

r H -H I = 11 04(950) + 0.94 x 10' 3 (950) 2 + 1.84 x 10 5 (950) 1 
l “950 29 S J 

- 3992 


= 7540 cal/mol 

This small difference is well within the stated precision of the 
data and can be ignored. 

Finally, to calculate the enthalpy of S0 2 at 950 < s the _ 
enthalpy at 298 K must be found. This value is not given in ■ 

compilation but can be found in NBS Technical note ho. Z70-3,. see 
Fig. 5.4-1. For S0 2 (g), 

AH- = Heqo = -70,944 
T 298 

[ H 950 - Hggg] = 7540 

H g - 0 = 7540 - 70944 

= -63400 cal/mol 

U S. B. M. Bulletin 605, Thermodynami c Prooertjjgi_oll5 
Eletents-Thei r Oxides, H.al i d gj^ Carbides and Nitn ' es 

wTcks and F. E. Block* was published by the U. b. bureau , . 

in 1963 * This compilation contains heats of formation, . 

increments and specific heat data for many el an d" 

pounds with oxygen, carbon, nitrogen and the halides 

above. 

EXAMPLE 5.4-4: Determine the heat of formation Oi magnetise ( 
bol Fe 3 0 4 j. The table shows 

ah - = -260,800 cal/mol 

T 

(When using any data compilation be sure to check on the 


Reproduced in Appendix B. 
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Figure 5,4-3 Example of data compiled in Bureau of Mines 
Builetin 584* 
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Figure 5,4-4 Example of data compiled in Bureau of Mines 
Bulletin 605, 







































































































MATERIAL and energy balance calculations in metallurgical processes 



notation that is beirun used by the authors. In this compilation, 
aHj i 5 used to designate the heat of formation at temperature T, 

In the JALAP Thermochemical Tables T was used*) 

Several older, but often useful. Bureau of Mines Bulletins 
are: High Temperature Specific Heat Equations for^rnOrganic Sub- 

5 tancesT fi~iTri5tin 371, "(1935); Heats of Fusion for Inorganic Sub¬ 

stances » Bulletin 393, ( 1936); The Thermodynamic Properties of 
Sulfur and Its Inorganic Compounds , Bul letin 406, (1937); The Ther¬ 
modynamic Properties of Metal Carbides and rlitrides .» Bulletin 407, 

11937); High Temperature Heat Content, Heat Capacity and Entropy 
Data for Inorganic Compounds , Bulletin 476, ( 1949)'; Heats and Free 
Energies of Forma tion of Inorganic Oxides, Bulletin 542, ( 1954); 
and Reprint of Bulletins 333, 334, 393 and 406 , Bulletin 601, (1962)* 

D, Thermochemistry for Steelmaking 

Thermochemistry for Steelmaking , Vol* I and II, by John F. 
Elliott, M. Gleiser and K. Ramakrishna* contains compilations of 
data useful for steelmaking and many other high-temperature 
metallurgical systems* Of particular interest in this compilation 
are the specific heat, temperature and heat of transformation, and 
heat content data for the elements (Volume I), heat content and 
heat of formation data for selected inorganic compounds (Volume I) 
and the heat of mixing data for metallic solutions- (Volume II), 

The Making, Shaping and Treating of Steel , 9th Edi ti on, 1971,** 
contains many thermodynamic data in Chapter 13, Section 6, includ¬ 
ing heat capacity equations, heats of transformation, heats of 
solution in iron, arvd heats of reactions, BCF Steelmaking, Vol * 2- 
Fundamentals , (Chapter 4)*** contains essentially the same data. 

EXAMPLE 5.4-5: Determine the enthalpy increment for Iron between 
1000 K and 2000 K. 


Solution: Since enthalpy is a state property. 


(H 


2000 


■ H 100C|) = ( h 200Q ■ H 29s) * (H1000 - 


Using the data given in Fig. 5.4-5, 


[ Voo - "ioooJ ■ 19 ' 714 - 7 ' 135 


= 12,580 cal/mol 


Published in i960 by Addison-Hes1 ey Publishing 


Co, 


Reading, Mass. 


Published by LL S. Steel Corp., Pittsburgh, PA. 


***Published in 
and Petroleum 


1975 by American Institute cf Mining, Metallurgical 
Engineers, 345 E. 47th St., New York, NY. 


THERM O CH-EMISTRY 


Fe, gfw 55.85 gm 
Ideal monatomic jgs. 
(Hhs.is - Ho) = 1638 cal/gfw. 


T, 

°K 

C°p, 

cal/Vgfw 

298 

6.14 

300 - 

6.14 

400 

6.10 

500 

5.95 

600 

5.79 

700 

5.64 

800 

5.53 

900 

5,44 

1000 

5.38 

1100 

5.33 

1200 

5.30 

1300 

5.29 

1400 

5.30 

1500 

5.31 

1600 

5.34 

1700 

5.38 

1800 

5.43 

1900 

5.49 

2000 

5.55 

2100 

5.62 

2200 

5.68 

2300 

,5.75 

2400 

5.82 

2500 

5.90 

2600 

5.97 

2700 

6.04 

2800 

6.12 

2900 

6.19 

3000 

6.27 


Figure 5,4-5 



— Hl9S.I5, SL 

cal/gfw cai/Vgfw 


— (Ft — H 29 S .1 

T 


0 

11 

625 

1228 

1815 

2386 

2945 

3493 

4034 

4569 

5101 

5631 

6160 

6690 

7223 

7760 

8301 

8846 

9398 

9956 

10521 

11093 

11672 

12258 

12851 

13452 


43.12 

43.16 
44.93 
46.27 

47.34 
48.23 

48.97 

49.62 
50.19 
50.70 

51.16 
51.58 

51.98 

52.34 

52.69 
53.01 
53.32 

53.62 
53.90 

54.17 
54.43 

54.69 
54.93 

55.17 
55.41 

55.63 


43.12 

43.12 

43.37 

43.82 
44.32 

44.82 
45.29 
45.74 
46.15 
46.54 
46.91 
47.25 
47.58 
47.88 
48.17 

45.45 
48.71 
48.96 
49.20 
49.43 

49.65 
49.86 
50.07 
50.27 

50.46 

50.65 


5 ) 


14060 

14675 

15298 


55.85 
56,07 
56.2S 


50.83 

51.01 

51-18 


Example of data compiled in Thei^chemistr 
for Steelmakinq. 







































































matE FUAL and energy balance calculations in metallurgical processes 


£. international Copper Research Association Publications 

The International Copper Research Association in New York, 

N y., publishes the INCRA Series on the Metallurgy of Copper, a 
series of Monographs that contain data of importance in the metal- 
i ur gy of copper- Monographs which have already been published are 
^gi pctsd Thermodynamic Values and Phase Diagrams for Cooper and 
of its Binary A1 Toys (Monograph - !"), Thermodynamic Properties 
TfTToDper an d Its Inorganic Compounds (Monograph II), The Thermo- 
gv Hamic Properties of Copper - Slau Systems (Monograph III), and 
The^ T hermo dynamic"Properties of Aqueous Inorganic Coppe r Solutions 

'{Monograph IV)* "Monographs which will be published in the future 

w ill contain thermodynamic data for ternary and higher-order alloys 

F, American Society for Metals 

An excellent collection of data, presented in tabular and 
graphical form is found in two books published by the ASM*, 

Selected Values, of the Thermodynamic Properties of the Ele¬ 

ments , P, Desai, D. Hawkins, M, Gleiser, K- K* Kelley and 
D, 0- Wagman, (1973)* 

Selected Values of the Thermodynamic Properties of Binary 

Alloys, R, Hultgren, P. Desai, D, Hawkins, M. Gleiser, and 

K. K* Kelley, (1973), 

EXAMPLE 5,4-6: What is the enthalpy associated with the process of 
dissolving Si in liquid iron at 1873 K and at a composition of 1 wt 
% Si? 

Solution: The data in Fig, 5,4-6 are used to obtain the answer to 
this. The reaction is 

Sift, pure, 1873K) ■+ Sl{1 w/o Fe alloy, 1873K) 

for which the heat effect is 6 H 5 J, or, in the notation of Fig, 
5*4-6, aH^* Using (Eq. 1,4-6)', the mole fraction of silicon in 
the solution equals 

v _ 1/28,03 _ n? 

Si 1/28,08 + 99/55,35 " g 

then, linear interpolation between -31 ,400 for - 0 and -29,897 
for Xsj = 0*1 yields - -31,100 cal/mol Si, 

G, Tk ermo dynami c s Texts 

Host thermodynamics text books contain data in Appendices* 

Of particular note is Metallurgical Thermodynamics by 0* 
Kubaschewski, E. L, Evans and C. B, Alcock**, This text contains 


* American .Society for Metals, Metals Park, Ohio 44073, 

** Published by Pergamon Press, New York, N. Y. (1967), 
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Parti a. 1 Molar Quantities for Liquid Alloys at 1873°K 


Fe Component ^(i) Fe (in alloy) ^ 


*Fe 

Fe 

7 Fe 

Fe 

AG Fe 



Fe 

1.0 i 

1 . 000 

1 , 000 

0 

0 

0 

0.000 

. 0.000 

0.9 

0 . 850 

0. 955 

- 562 

- 170 

99 

0,247 

0 . 033 

0 , B 

0 . 621 

0, 776 

- 1777 

- 946 

- 786 

0. 529 

0. 085 

0. 7 1 

0. 333 

0. 476 

- 4090 

- 2762 

- 3096 

0 . 530 

-0,178 

O. G 

0, 12B 

0, 2X4 

- 7644 

- 5743 

- 7038 

0. 324 

“0*691 

0 . 5 

0.0511 

0 . 102 

-11070 

- B4S0 

-11456 

"0.205 

-1.584 


(±. 019) 

{±, 038) 

{±1750} 1 

(±1 7 50) 

(±1500) 

(±1.23) 

(±1.23) 

0.4 

0.0243 

0.0622 

-13745 

-10335 

-15549 

-0.953 

-2. 784 

O. 3 

0.0123 

0. 04 28 

-16211 

-11730 

-19065 

-1.524 

-3.915 ! 

0 . 2 

0. 00514 

0.0307 

-18959 

-12969 

-21751 

-I,491 

-4.689 

0 . I 

0.00222 

0.0222 

-22740 

“14170 

“23727 

-0.527 

-5.103 

0.0 

0 , 000 

0 . 0152 


-15349 

-25037 

00 

-5, 172 


e . „ * Si.. = 5i(in alloy),,. 

Si Component (f) U) 


x Si 

“Bi 

v 

AG Si 

A ^i 


^Si 


0. 0 

0. OOO 

0.00132 

- 30 

“24682 

-31400 

« 

-3.587 

0. 1 

0.00030 

0.00297 

-30228 

-21653 

-29897 

0. 177 

-4.399 

0. 2 

0.00190 

0.00950 

-23322 

“17332 

-2S2I4 

-1. 544 

-4.742 

0. 3 

0.0122 

0.0406 

-16407 

-11926 : 

-19399 

-1.597 

-3,990 

0. 4 

0. 0713 

0. 17B 

- 9827 

- 6417 

-12096 

-1* 211 

-3,032 

0. 5 

0.223 

0. 446 

- 5580 

- 3000 

- 6642 

-0. 567 

-1.944 


(±. 053) 

{±.10 5) 

(+1000) 

(±1000) 

(±2000) 

(±1.19) 

(±1.19) 

0. 6 

0- 406 

0. 677 

- 3354 

- 1453 

- 3266 

0, 047 

-0. 968 

0. 7 

0. 581 

0,830 

- 2022 

- 694 

- 1345 

0, 361 

-0.348 

0. 8 

0. 742 

0,928 

- 1109 

- 278 

- 435 

0. 360 

-0, 0B4 

0. 9 

0. 885 

0. 983 

- 455 

63 

76 

0. 202 

-0, 007 

1. 0 

1. 000 

1.000 

0 

0 

0 

0. 000 

0.000 


/ 


Figure 5,4-6 Example of data available in Selected Yalu£S_9Li. 

the Thermodynamic Properties of binary AlloyA* 
Hultgren et al. 
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Cp — a -h br 4* cf -2 (cal ■ deg _: ■ mole -1 ) 


Substance 

C P in ca 

■ deg -1 

j mole " 1 

Remarks 

Temp.- 
Range & K 

Ref. 

a 

b ■ 10 J 


<Ag> 

5*09 

2-04 

036 


298-irup, 

124 

(Ag) 

7*30 

— 

“ . 


m.p.-16O0 

124 

<AgCl> 

14*88 

1-00 

-2-70 


298-m.p. 

124 

(AgCl) 

16 0 

- 

— 


m.p.-900 

124 

(AgBr) 

7-93 

1540 

— 


298-m,p, 

124 

(AgBr} 

14-9 

— 

- 


m.p.-9QG 

124 

<Agl>a 

5-82 

24-10 

— 


298-423 

124 

<AgI>/J 

13-5 

— 

— 


423-600 

124 

<AgjO> 

14-18 

9-75 

— 10 


298-500 

138 

<Ag 2 S>.\ 

1013 

26-40 

— 


293-452 

124 

<Ag,S>/? 

21 64 

— 

— 


452-850 

124 

<AgjSOi> 

231 

279 

— 


298-m.p 

124 

<AgjSe>.^ 

15 35 

15-58 

— 


298-406 

124 

<Ag;Se>£ 

20-4 

— 

— 


406-500 

124 

<Ag,Sb> 

19-53 

160 

— 


298-700 

124 

<Ag 1 CO,> 

18 97 

j 25-85 

— 


298^50 

138 

<Ag-Al> 

additive 



273-773 

247 

<Ag-Mg> 

additive 



298-773 

247 

<Ag-Au> 

addlt 

ive 



298-m.p. 

151 

<AI> 

4 94 

296 

_ 


298-m.p. 

124 

(AI). 

700 

— 

— 

A7 * 

m.p.-l273 

124 

(A1F) 

89 

— 

-1 45 


298-2000 

77 

<aif 3 >* 

17-27 

10-96 

-2-30 


298-727 

314 

<A1F 3 >0 

2093 

30 

— 


727-1400 

314 

(AIC1) 

90 

— 

- 0 - 6 S 


298-2000 

77 

<A1CI 3 > 

13 25 

2800 



273-m.p, 

124 

1A1C1 3 } 

31-2 

— 

— 


m.p.-50O 

124 

(AICI 3 ) 

19 8 

— 

- 2-64 


298-1800 

77, 255 

<AlBr 3 > 

18 74 

18-66 

— 


295-m.p, 

124 

|AlBr 3 } 

29-5 

— 

— 


m.p.-5GQ 

124 

<aii 3 > 

16 SS 

22-66 

— 


298-m,p, 

124 

[AIIj} 

290 

— 

— 


m.p -500 

124 

<ai 2 o 3 > 

25-4S 

4-25 

-6 82 


298-1800 

124, 







480,129 

<A1 j (S0 4 )j> 

87 55 

1496 

-26-68 


298-1100 

124 

<A1N> 

5-47 

7-80 

— 


293-900 

124 

<A1 4 C 3 > 

24-03 

31 6 

— 


298-600 

124 

(Al.SiO;) 

4009 

1 5-86 

-10-13 

sillimanitc 

298-1600 

124 

<ai 2 s;o,> 

4624 

— 

— 12 53 

andalusite 

293—J 600 

124 

<A],SiO i > 

4502 

2-34 

-16-00 

kyanite 

298-1700 

124 

<A! 2 Ti0 3 > 

43 63 

5-30 

- 11-21 


298-1800 

280 


Figure 5.4-7 Example of data compiled in. Metallurgical 
Thermodynamics , by Kubaschewski, Evans, 
and Alcack, 


THERMOCHEMISTRY 


extensive tables of heats of transformation, heats of formation 
specific heats and heats of mixing for metallic solutions 'at 298 K 
and above. 

EXAMPLE 5,4-7: What is the specific heat of alumina (symbol AloChl 
at 1000 K? 1 2 3; 

Solution: The specific heat for alumina is given in Fig, 5 . 4 - 7 , 

In this compilation, all specific heats have the form 

. Cp = a + bT + cT" Z (cal/mol•K) 

For alumina, 


a = 25.48 

b x 10 3 = 4.25, or b = 4.25 x 10 ' 3 
c x 10 ' 5 - -6 .82, Or c = -6,82 x 10 5 


Thus , 


Cp >A1 0 = 25.48 + 4 - 25 * 10 ' 3t - 6 - 82 * io 5 r z 


ar.d at 1000 K 


Cp = 29,05 cal/mol K 

Another book which is parti cul arly .useful for finding en¬ 
thalpy data for metallic solutions, i.e* heats of mixing, is 
Therntodynamic Data of Alloys by 0. Kubaschewski and J. A, Catterall, 
Pergamon Press, London {1956), 

H t Additional Data Sources 

Many engineering handbooks contain thermodynamic data relat¬ 
ing to common gases, liquids and some solids. Of particular use 
are the following: 

Perry 1 s Chemical Engineer's Handbook , Fourth Edition (1963), 
|publ i she d by He G"r aw - Hi 11, N.YN .~Y,} contains a great deal 
of thermochemical data on elements, organic compounds, and 
inorganic compounds, including heats of formation, transfor¬ 
mation, fusion and vaporization, heat capacity data, enthalpy 
increments, heats of combustion, and heats of solution of 
inorganic and organic compounds in water . 

Free Energy of Formation of Binary Compounds - An Atlas of 

Charts for High Temperature Chemical Calculations , by Thomas 

B. Reed, (available from M.I.T. Press, Cambridge, Mass.) 
Contains heat of formation, heat of vapori zati on and heat, of 
ionization data for some hydrides, nitrides, oxides, sulfides, 
selenides, tellurides, and halides of the elements as func¬ 
tions of temperature. 
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Han dbook of Thermochemical Data for Compounds and Aqueous 
S pecies by H. E. garner and ft. V* Scheuennan (Published by 
Wiley-Interscience, Somerset, N.J.) 

A comprehensive compilation of thermodynamic data as a func¬ 
tion of temperature for ions and neutral complexes in aqueous 
solution* Tables present values of heat of“forma ti on , free 
energy of formation, enthalpy and entropy for ions over the 
temperature range of 25 °C to 300° Z; similar data are pre¬ 
sented for neutral complexes in-aqueous solution over the 
temperature range of 25°C to 20O°C. Data on a large number 
of compounds and minerals over the temperature range of 25°C 
to 300°C are also given. 

International Atomic Energy Agency (Vienna, Austria} Publica¬ 
tions which include The Chemical Thermodynamics of Actinide 
Elements and Compounds and a series of articles containing 
reviews of thermodynamic data on individual elements and 
their compounds by 0, Kubachevski. 

Thermochemical Properties of Inorganic Substances by I. Barin 
and 0* Knacke (Published by - Springer-Verlay) which contains 
specific heat and enthalpy data for many compounds at ele¬ 
vated temperatures. Great ca^e must, however, be exercised 
when using this book because the tabulated enthalpy data is 
not in a standard format, (see Page X of the introduction 
to the book for more details.) 

Thermodynamic Properties of Minerals and Related Substances 

at 298J5K and 1 Bar (IQ 5 Pascals) Pressure and at Higher 

Temperatures by R. A. Robie, B. Hemingway and J. R. Bis her 
(U.5* Geological Survey Bulletin 1452, 1978) available from 
the Super!ntendant of Documents, U.$, Government Printing 
Office, Washington, D.C. 20402, contains a summary of the 
thermodynamic data for minerals including specific heats and 
enthalpy increments at temperatures up to 1800 K, 

Thermodynamic Data for Inorganic Sulfides, Sellenides and 

Tellurides by JC. C. Hills (Published by Hals ted Press, New 

York, 1974)* 

Rare Earth Information Center (Energy and Materials Resources 
Research Institute, Iowa State University, Ames, Iowa 50011 ) 
Publications including Thermochemistry of the Rare Earths 
(#15“RIC-6) by K. A* Gschneider, Jr* et al, and Thermochemis¬ 
try of the Rare Earth Carbides, Nitrides and Sulfides for 
Steelmakinq (fI5-RlQ5) by K. A* Gschneider, Jr. and N. 

Kipperhan as well as many other papers by K. A. Gschneider et 
al. on the thermodynamics of.the rare earth elements and 
their compounds, 

The C0DATA Tables (available from the Office of CODATA, 51 
Boul evard: De Montmorency, 75016 Paris, France) are a critical 
review of the heats of formation at 298K and heat content 
between OK and 29BK of selected compounds .' Bulletin 28 
(April, 1978) summarizes this work and gives reference to the 
sources of the data* 


thermochemistry 


Thermochemical Constants of Compounds (in Russian, Senior 
Editor V* P. Glushko and available from VINITI, Oktyaberskaya 
Prospect 403, Moscow, U.S,5*R*) is a compilation similar to 
KBS Circular 500* It contains heats of formation at 298K, 
specific heat, heat content and heats of transformation data 
for many elements and their compounds. The data presented 
in this compilation is not as well reviewed as in the UBS 
circular however, references to the sources of the data are 
given* 


There are many articles in the technical literature which 
contain specific heat and enthalpy data. Several reviews of 
data by L. Kepler et al which are particularly useful are on 
the platinum group metals and their compounds (Chemical 
Reviews 68 (1963), 229*}; aqueous ions (J. Pnys* Chem. 72 
(1968), 2902.); Manganese and its compounds (Chemical Reviews 
68 (1968), 737.)- Silver and its compounds (Englehard Ind* 
Tech. Bulletin IX (1969) , 11 7.)- gold and its compounds 
(Englehard Ind* Tech* Bulletin X ( 1969), 5.)- compounds and 
aqueous ions of Niobium and tantalum (Chemical Reviews 71 
(1971), 127.); Scandium (Thermochim* > Acta 15 (1976), 89.); 
Lanthanum (Thermochim* Acta 16 (1976), 95.) and Chromium, 
tolybdenum and Tungsten (Chemical Reviews 76 ( 1976;, 283*)* 
Many additional sources for data can be found in Chemical 
Abstracts and in the papers listed in Appendixes B and C. 


5.4.2 DATA FROM THERMODYNAMIC RELATIONSHIPS 

Many thermodynamic relationships can be used to find enthalpy 
data when other thermodynamic data such as free energy da^a, are 
available* The uses of some of these relationships are demonstrat¬ 
ed below. 


A. Ki to ho ff f s Square 

Because enthalpy is a state property, the change in enthalpy 
for any cyclical process, i*e. a process in which the final state 
is the same as the initial state, must equal zero. Thus, for_a 
cyclical process involving m steps 

I fiU, = 0 (5.4-1) 

j=l J 


where fiHj is the enthalpy change for the jth step in the cyclical 
process. This relationship is often called Kirchoff's Law. 


The simplest cyclical process that can be imagined is the 
heating of an object from T-j to T^ snd cooling back to i] 
methods for calculation of the enthalpy increment aH( T _ 

discussed in Section 5.3. Using Eg. (5.4-1), fiH 


The 

were 


(T. 


Z+ ! 1 J 


►V 

can be 


found si nee 
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(T-i 


T * + &Hjr T 

- t 2 j (t 2 


V 


= 0 


(5.4-2) 


The re fore. 


4H(T 2 - V = " AH(T 1 


V 


(5,4-3) 


Using similar reasoning, it can be seen that the latent heat for 
the transformation from phase 2 to phase 1 equals the negative of 
the latent'heat for phase 1 going to phase 2. 

EXAMPLE 5,4-7; Determine bow much heat is evolved when one mole of 
iron is frozen at 1812 K* 

Solution: . The enthalpy increment for iron melted from solid 6-Fe 
at 1812 K is the heat of fusion, LU m = 3670 cal/mol. Since the 
process of melting followed by the process of freezing amounts to 
a complete cycle, *H m + freezing = 0 and therefore AH freezi - ng = 

-AHjn = -3670 cal/mol. 

When using complicated cyclical processes to determine en¬ 
thalpy data, a schematic diagram of the process should be made.* 

This diagram, which is often called a Kir chaff Square , should 
indicate all of the phases which are present at each state in the 
process and a brief description of the state, i.e, temperature, 
pressure, and composition, Eq* (5.4-1) can then be applied in a 
logical manner to the complicated process and the enthalpy change 
for a single step within the overall process determined* 

EXAMPLE 5*4-9: Determine the heat of vaporization of water at 238K, 
The heat of vaporization at the normal boiling point, i.e, 373 K, 
equals 9770 cal/mol and the specific heats of liquid water and 
s±eam are 18,04'pind 7.30 + 2.46 x 10 “cal/mol *K, respectively. 

X re¬ 
solution: A Kirchoff Square for a cyclical process that will allow 
the calculation of AH V at 298 K is shown in Fig, 5*4-8* A cyclical 
process would then be - 

I II 

H 2 0 (t & 29BK).+ H 2 G (£ @ 373K) + H 2 0 (g $ 373K) 

III IV 

+ H 2 Q (g @ 298K) ■+ H 2 Q [i @ 298K} 

with the enthalpy changes being equal to 


373 


AHt = 


1 - j CptlJdT 
293 


for Step I 


AH 


v ,373 


for Step II 


THERMOCHEMISTRY 


Similar results to thos obtained using the kirchoff Square 
method can be derived for calculation of the heat of reaction at 
I 2 from the heat of reaction at Tj by combination of Eq, (5.4 _t> 
and Eq. (5.3-18)' 


Path 1 



"X T 1 

(known) 


Si nee 

(Path 1) = (Path 2) 



4 h K ( T z = aH RJ 1 + AH 1 + aH 2 

(5.4-4) 

where 



— -iH 

* 1 n i (H t - H t h - E n i (H t -H t ) i 

Reactants 1 2 Reactants 2 1 

(5.4-5a) 

and 

4 H. = E n i (H t - H t ) 1 
* Products 2 1 

(5.4-5b) 


EXAMPLE 5.4-10: Do Example 5.4-9 using Eq. (5.4-4). 

Solution: A close examination of Example 5.4-9 shows that since 
iH, and aH ? only involve integrating heat capacity data, only minor 
modifications need be made to perform the calculations in a manner 
similar to Eq. (5.4-4). Since 

373 '298 

AH v 298 =aH v,373 + I C p dT + i C P ^ C '’ 

298 373 


and 
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AH. 


HnO (1, 373K) ' - V - 3 - 7 - ^ - M (g, 373K) 

2 Step II 


Step 1 fiH 


HpQ (1, 29SK) 3pep IV - 
iH V,298 


Step III AH 2 . 
H 2 0 (g, 293K) 


Figure 5.4-8 A Kirchoff Square representing the method 

for calculating the heat of vaporization of 
water at 293K. 


and 


298 

A " 2 ‘ j 3 C P(9) dT 


for Step III 


for Step IV 


_aH v,298 

Substitution of these enthalpy changes into Eq. (5.4-1) yields 

ah ] + ah V)373 + aH 2 + (-ah V j298 ) = 0 


or 


A h v, 298 = iH l + iH v,373 + aH 2 

373 298 


= j 18.04TdT + 9770 + j (730 + 2.46 x 10" 3 T)dT 


298 

= 1 354 + 9770 - 608 
- 10,510 cal/mol 


373 


Another way to look at the Kirchoff Square in this case would 
be to consider that the unknown enthalpy change is for the reaction 
path from H?Q( 1, 298) - HpOtg, 298) and that this state change can 
be achieved either directly, or by going through steps I-*11-* III. 
Either route will give the same enthalpy effect, so they must equal 
each other: 


+ AbU 


fiH v,298 + AH v,373 


Thermochemistry 


This problem illustrates an important piece of data th 
n in conjunction with the calculation nf 


of enthalpy effects 


arises ofte 

associated with any reaction in which water is a reactant VT- 
duct. If the product of the reaction is H^0(g), n _■ prD * 

venient to use the iH f of H 2 0(g) at 298 K, i.e, to add the he?* n ‘ 
vaporization at 298 K to the heat of formation. Then the enthai* 
increment for H;0(g) from 298 K can be found without havino to^add 
in the at 373 K. Data for this calculation are given in 
Figure 5.4-9, 


[Base, Ideal gas at 29$.15 Q Eh; mol. wt., 18,016] 


T° K. 

Ht—Hw Mi,' 
cal./mole 

Sr— Sms.u. 
csWdeg, 
mole 

T,° K. 

cal./mole 

iSr—S isi.is! 
caL/deg. 
mole 

400. 

825 

2.33 

2,000. 

17,370 

18.13 

500 .: 

1,655 

4.23 

2,100. 

18,600 

18. 73 

600. 

2, 510 

5. 79 

2,200. 

19,845 

19.31 

700. 

3,390 

7.14 

2,300. 

21.100 

19. 87 

800_ 

4 t 300 

8.36 

2,400. 

22,370 

20.41 

900. 

5, 240 

9. 47 

2,500. 

23,650 

20. 93 

1,000. 

6, 210 

10. 49 

2,750 .... 

26,895 

22.17 

1,100. 

7, 210 

11,44 

3,000_ 

30,200 

23.32 

1,200..... 

8, 240 

12. 34 

3,250_ 

33,545 

24 38 

1,300~— 

9.295 

13,18 

3,500. ... 

36,930 

25. 38 

1,400_, 

10, 385 

13,99 

3,750. 

40,350 

26, 33 

1,500. 

11,495 

14.76 

4,000. 

43,805 

27.22 

1,600_ 

12,630 

15.49 ! 

4,250. 

47,275 

28. 06 

1,700. 

13,785 

16.19 

4,500. 

50, 770 

28.85 

1,800. 

14, 965 

16.86 

4,750. 

54, 290 

29.62 

1,900. 

16,160 

17, 51 

5,000. 

57,825 

30. 34 


H 2 0(g): 

Hr- H 22S ., 5 =7.30 7+1.23X10-^-2,286 
(0.7 percent; 298°-2,750° K.); 

C p = 7.30 +2.46 XlO -3 T. 


Figure 5.4-9 Heat content and entropy of H 2 0(g) (From: 

Bureau of Hines Bulletin 584, by"K K, 
Kelley, p. 80). 
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Kma teRIAL 

293 
>3 








then 


373 


iH VjZ98 " AH v,373 + 


C P( i) dT * ' 


373 

zL 


S (9) dT 




2|8 

373 

293 


c /„> dT ' 

P (9) 


Z|8 

373 


C dT 

P (l] 


= AH + 

v, 37 3 


I (c i 


373 

298 


, , - C . J dT 
p (g) p U) 


= 4H v,373 + 


S dT 


373 


where 


i 


iC P = c p (g) " C p (i) 


= z c . 

p.i 


- E C_ - 

p.i 


products reactants 

For the vaporization reaction 

H 2 0 (i) + h 2 o (g) 

Using the data in the previous example. 


and 


aCp = 7.30 + 2.46 x ICr - 18.04 


iH v 293 = 10,310 “Vmo! H 2 0 


The heat of formation of HpOfg) at 298K is found to be the 
sum of the best of formation of rU0{t) at 298 (-63,320 cal/mol) and 
the heat of vaporization at 298, (+10,510), 


or 


^f,H20tg),298 ^ 57 ’ S0 ° Cal/ra1 ’ 

EXAMPLE 5.4-11: Determine the heat of reaction at 500 K for the 
reaction 


H 2 0 (g) + C {$) + H 2 (g) + CO (g) 


THERMOCHEMISTRY 


Data: 

AH f, 298 

e P 

h 2 o(0 ' 

-68,320 cal/mol 

18.03 cal/mol-K 

c (s) 

0 

2.82 cal/mol-K 

H 2 (g) 

0 

6.96 cal/mol-K 

CO (g) 

-26,400 cal/mol 

7.02 cal/mol-K 

H z 0 (g) 

-57,800 cal/mol 

8.95 cal/mol-K 

Solution: Using the 
reaction at 29SK can 

heat of formation-of H 2 0(O 
be calculated, 

, the heat of 


aH R* 293 = 1 H f ~ 1 H f 

products reactants 

= * H f,CO + ' (iH f,H 2 0O)- fiH f,C ) 

= -25,400 - (-63,320) 

= 41,920 cal/mol 


and since the enthalpy increments between 298 and 500 K can be 
calculated; 


and 


AC - £ Cp * £ Cp 

^ products reactants 


= C P H2 ( 2 ) + C P,C0(g) " (C P.H20 Cs) +C P.c(s) J 
= -6.86 for 298 K < T < 373 K 

= 2.17 for 373 K < T < 500 K 


then the Kirchoff's Square shown-in Fig. 5,4'10(a) can be drawn 
and the heat of reaction at 500K can be found: 


tK R,500 = / H R, 


= 41,920 + 


. 500 



> j 

iCp dT + 


298 



373 


500 

+ I 

-6.86 dT 

+ J 

■* 298 

— 

373 


.17 dT-fiH 


v,373 


41 .920 - 514 + 275 - 9770 
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... __ .500 = ^ *^1^ cal * 

■ ther approach to the same problem utilizes the results of Exam- 
i!= 5 4-10, the data in Fig. 5.4-9, and the Kirchoff Square in ' 
f . 5.4-Wtb). — 



reaction at 500 K from the data given in Example 
5.4-11. 


The heat of reaction at 298 K is calculated using H 7 O(g) instead of 

H 2 0(O: 


= an, rn + 
r , 298’ f.CO 


AH f,H 2 ‘ (AH f,H 2 0(g) + ^f.C 1 


= -26,400 - (-57,800) 
* 31,400 cal 


thermochemistry 


Instead of integrating &C p data, in this case .use enthalpy incre¬ 
ments , 

AH 4 = E (H 298 - H 500 ) = E "(H 500 - H 2g ) 

reactants reactants 

= -(H 50 q - H 29S^hi £ 0 " I^500 ■ H 29 sL 

= -1655 - 570 
= -2225 cal. 

AHc = Z (H500 - H 2 gg) 
products 

- = C h 500 ' H 298^ 2 + ^500 " H 29 bLo 


= 1406 + 1413 


= 2824 cal. 

Therefore, aH r>50Q - aH* + iH Ri2g8 + AH 5 

= -2225 + 31,400 + 2824 


* 32,000 cal. 

The difference between the two answers is caused by the use of C 
data combined with round-off errors. H 


B. Maxwell Relationships 

Because the differentials of thermodynamic properties are 
exact differentials, certain relationships, known as the Maxwell 
Relationships , exist between the partial derivatives of the thermo¬ 
dynamic properties. These Maxwell Relationships can be used to 
determine the effect of pressure on enthalpy. 

All data compilations give the enthalpy data at 101 kPa (1 
atm) and the temperature in question. Enthalpy is not tabulated 
as a function of pressure for gases because most of the gases found 
in metallurgical processes are at temperatures and pressures at 
which they can be assumed to be ideal, (c.f.. Section 2.3) The 
enthalpy of ideal gases is independent ot pressure . The enthalpy 
of liquids and solids is dependent on pressure* However, this 
dependence is small and in most cases can be ignored* 

When the effect of pressure must be included, the enthalpy 
change associated with an increase of pressure from P] to P 2 De 
found, using the following relationship' 


H(T, P 2 1 - H(T J P 1 ) 


P ,2 

( V(1 - &T) tP 


(5.4-6) 


O Q R 
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gh ' p thp coefficient of thermal expansion, is defined by Eq. 

and v is the mo1ar volume. Generally, a and V, are not 
^functions of pressure, and Eq. (4.4-6) becomes 

H(T, P 2 ) - H{T, Pj) = V(l-aT) (? 2 -7jT (5.4-7) 


k< ' 

F-';i ■ 


- ■ " 


When pressure and temperature have an important effect on the 
tenthalpy> the effects are additive: 

-H(T 2 ,P 2 ) - H(T 2 ,P 1 ) = K(T 2 ,Pi) - HtTT.P]) + H(T 2 ,P 2 ) - H(T 2 ,P 1 ) 


The effect of 
temperature at 
constant 


The effect of 
pressure at 
constant T- (5,4-8) 


or 


H(T z ,P 2 ) - H(T r Pp = H(T 2 ,P 2 ) - H(T v P 2 ) + H(T V P Z ) - H(T V P 


The effect of 
temperature at 
constant Po 


The effect of 
pressure at 
constant T^ (5,4-9) 

Eq. (5.4-8) and Eq, (5.4-9) yield the same result because enthalpy 
is a state property and the change must be independent of the path 
by which the calculation is made. However, one subtle difference 
does exist between these two equations; a and V must be known at 
To and C at for the calculations as outlined in Eq, (5.4-8), 
while a hnd V at T 1 and C p at P 2 are required in Eq, (5.4-9), 

EXAMPLE 5,4-12: Determine the increase in enthalpy of one mole 
of-iron when the pressure is raised from one to one hundred atmos¬ 
pheres at 298 K, ‘The values of a and V for iron at 298 K are 

0.3 x 10 -4 K -1 and 7.1 cm 3 /mol, respectively. 

Solution: If it is assumed that a and V are independent of pres¬ 
sure 

H(298K, 100 atm) - H(298K, 1 atm) = V(1 - aT)(100-1) 

= (7.1 cm 3 /mol)-{l - 0.3 x 10' 4 K' 1 -298K)-[99 atm) 

= 697 ctn 3 «atm/mol 
= 16,9 cal/mol 

EXAMPLE 5,4-13: Determine how much the iron in the previous exam¬ 
ple would have to be cooled to lower its enthalpy to the original 
value. The heat capacity for iron at 298 K and 1 atm is 6*0 cal/ 
mol K. It may be assumed that this value is constant over a small 
temperature range and can be used at 100 atm. 

Solution’ The required enthalpy change must equal 


THERMOCHEMISTRY 


or 

AT - aH/C p 

= -15,9 (cal/mol)/6,0 (cal/mol K) 

= -2,8 K 


C, Gibba-Helmhoitz Equations 

It will simply be stated that if data are given for the 
standard Gibbs Free Energy* change of a- reaction (symbol AG or A p) 
the enthalpy change for the reaction, can be found .rom the nrob^ . 
Helmholtz equation: 


4H° 


'6G°/T) 


MW 


= -T 


3{AG U /T) 

3T 


(5.4-10) 


EXAMPLE 5.4-14: Determine the heat of reaction at 800 K for 
2Cu(s) + 1/2 0 z (g) - Cu 2 0 (s) 

given that the standard free energy change of the reaction is 
AG° -- -40,500 - 1.701 in T + 29.5 I 


Solution: The heat of reaction can be found using Eq. (5=4-10). 


... - - T 2 aUG°/T) 
aH R 1 -3T 


= -T 


.2 af-An.sno/T - 1.7tUnT + 29.5 T) 


3 T 


At 800 K, 


= -T 3 (40,500/T 3 - 1.70/T) 
= -40,500 + 1,70 T 


aH r = -39,140 cal. 


D. Clausius - Claveyran Equation 

The heat of sublimation or heat of vaporization ran be found 
tion of temperature 

(5.4-11) 


a m P . tHv 


aT 


RT 2 


* See a standard thermodynamics text for the definition of Gibbs 
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T the vapor pressure is given over the solid, the heat of suoli- . 

&If ya y ^ he 5ol id to vapor transformation, is found. The 

■' mat l°n i vaporization is found from vapor pressure data over the 

- heat j r 

- liquid. 

E 5-4-15: Determine the heat of vaporization of zinc at 
pt'lSoO K. The vapor pressure over the 1iguid zinc is represented by 




log P Zn (mniHg-,) = -6620/T - 1.255 log T + 12.34 


P-Solution: The heat of vaporization is found using Eq. (5.4-11, 

no ■ 


iHv = RT 2 i|nL = 2.303 RT 2 


m • 


. 2.303 RT 2 3(-66?0/T - '.250 1°9 T « 12TH 

= 2.303 RT 2 (+6620/T 2 - 0.545/T) 

= +30,300 - 2.49T 


At 1000 K 

r; '\' • PH V = +30,300 - 2.49 (1000) 

r : = 27,810 cal/mol 

Figure 5.4-11 shows vapor pressure data for pure metals plotted as 
log U p E versus temperature. The slopes of these curves are remark¬ 
ably similar, i.e., 3logP/3T is similar for many metals, which 
leads lo the conclusion that dH S(jb and oH v are similar for most 
. metals at the same temperature . 

E. Gibbs-Du hem Eqm ti o ns 

Relationships do exist between both the heats of mixing of 
individual components in a solution and between the heats of mix ng 
of individual components and the total heat or mixing of the 
tion It is beyond the.scope of this text to develop these rela 
tlohsMps lr Prescribe the use of these relationships in detail. 
The reader is referred to any good thermodynamics text for the e. 

It should, however, be pointed out tnat when either one o 
individual (partial) heats of mixing or the total (integral) he * 
of mixing for a solution are known as a function o f conposi 
other properties of the solution can be calculated from the o- 
lowing relationships: 


d Hn 


■ a - m 
X B A 


(5.4-12) 


m - in — m 
an m = x a h a + x b h b 


(5.4-13) 


Pressure, 


I I HY 


Ttmperaluft, 

1&3 100 4qt> 400 1051C4D__JOTO 3M0 ^5 50CO 4000 


i 


n i 1 i 1 i 1 r 


TemptfC fucCj "K 



Figure 5 4-11 Vapor pressures of pure metals (From: The rmocheq ns- 
Fl9Ure ^ trv for Steelmaking . Vol. I by 3. F. Elliott and K 
Gleiser, Addison-Wesley Pub* Co., Reading^ MA 1 
270). 
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c/-MATE riAL 


larid 


AH m = X D 


A. dx fl 


( 5 . 4 - 14 ) 


r 6 B ' 

i :f - if the heat of solution of A in a binary A-B system is known 
a function of composition, X ft , the heat of solution of B can be 

^calculated using Eq. (5.4-12) for various values of X ft , (remember 
; ha( . x + x g = 1.0) and then the heat of formation of the whole 

solution (integral heat of mixing) AhP, can be found using Eq. (5. 

4 13 ) AH" 1 is the heat evolved when X A moles of pure A and Xg moles 

nf oure B are brought together and mixed to make a solution with 
■ overall composition X fl . Eq. (5.4-14) can be used to calculaie 
from AH ft data without having to calculate aH b " first. 

fyamPLE 5 4-16: Heat of solution data for silicon in iron-silicon 
■"allovs are'given in Fig. 5.4-6. Calculate the heat of mixing of an 
alloy containing X $i = 0.1 using the Gibbs-Duhem Equation, and the 
heat effect If some Si is added to such an alloy with little change 
in overall composition of the bath* 

• Solution: The heat of mixing of the alloy refers to the heat given 
off when 

0,1 mols Si + 0.9 mols Fe -+ 1.0 mol alloy 


or 




= (0.1) AH m si + 0.9 AH m Fe 


In order to find AH m , aH 1 ^ must be calculated using Eq. (5.4-12) 
or can be found directly using Eq. (5.4-14). 

According to Eq* (5.4-12), 


dUi f Fe) ,.|i d < t ;f sj ) 


or 


iH m @ X 
Fe r Fe 


. '-in * 

d( ah ) = 
Fe 


* a Fe'* X F, - 1 


0 X 


Si 


r ”Fe 


^dUH" ) 
*Fe 


AH m @ X =1 
Si Fe 


The integration on the left yields 
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<^Fe @ V ‘ Ke 8 X Fe = 15 = *f Fe 


The integration on the right can be done graphically by plot¬ 
ting Xt-VXr versus AH and determining the area under the curve, 
^ 1 r e b 1 

as shown below. 



AH 

Si 


iff 1 = _ area under the curve 
Fe 

" - 90 cal/mol 

and - AH m = 0.1 (-29,900) + 0.9 (-90) 

= - 3070 cal/mol of solution. 

The value of -90 cal/mol for AH m Fe is in good agreement with the 

published value of -99 cal/mol shown in Fig. 5.4-6. The error re 
suits from inaccuracies in graphical integration. 


5.5 SUMMARY 

The statement energy is conserved is the basis of the first 
law of thermodynamics. Application of this postulate to a gene 
system yields the relationship 

v. gZ. 

I + —1) 


dE = fi - 5w + 


n 

I 

i=l 






+ p i v i + 


2g. 


For most metallurgical systems kinetic 
can be ignored and pressure may be ass 
these conditions 


and potential energy change! 
u med to be constant. For 
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MATERIAL m 


dH = Sq 


* m 

6W + I 6n.H. 
1=1 1 1 


Si’, h ^re dH* is the enthalpy change of the system and Hj is the en- 
®^thalPY P er m0 ^ e Df material in stream i. Enthalpy' is defined as 

H--.U + PV * 

The First Law provides a means for determination of enthalpy 
5•'changes only. Absolute values of enthalpy are thus based upon 
TfTafbTtrary reference point of zero for the enthalpy of the pure 
elements in their most stable form at 298 ft and 101 kPa (1 atm). 

Enthalpy is a thermodynamic property and a function of state 
$jf. an d not path. Thus, enthalpy changes are equal to the enthalpy of 
the final state minus the enthalpy of the initial state. Enthalpy 
■js a function of temperature. The enthalpy increment or heat con¬ 
tent is equal to 


1 2 


■? 


S dT 




Chemical reactions can result in a change in enthalpy without 
a change in temperature. Heats of reaction are calculated from 
Hess* Law: 




- ZbH* 


¥ 

6' 


(products) 1 (reactants) 

or frojn the enthalpies of the products and reactants 


aH r = 


IH 


(products) 


- IH 


(reactants) 


Enthalpy changes also result from mixing processes and pres¬ 
sure changes. 

■ Finally, enthalpy data are available from many thermodynamic 
data compilations. Enthalpy data can also be calculated from 
other thermodynamic data using many useful thermodynamic rela¬ 
tionships. 

FURTHER READING: 

1. D, R. Gaskell, Intro, to Metallurgical Thermodynamics , 
McGraw-Hill, New York, 1973, 

2. R. H, Parker, An Introduction to Chemical Metallurgy , Perga- 
mon Press, London, 1967, 

3. C, Bodsworth and A. 5. Appleton, Problems in Applied Thermo- 
dynamics, Longmans, London, 1965. 


thermochemistry 


0, Kubachawski, E. L. Evans, and C. S, Alcock, Metal!urairal 
Thermochemistry , 45h Edition, Pergamon Press, L ondon, 1957 

L. Darken and R. W. Gurry, Physical Chemistry 0 f Metals 
McGraw-Hill, New York, 1953. ——* 

0. F. Haugen, ft. M. Watson and R. A. Ragatz, Chemical Process 
Principles, Part Two-Thermodynamics 3 2nd Edition, V. Wiley - — 
New York, 1954. 

I. ftlotz. Introduction to Chemical Thermodynamics . W, A. 
Benjamin, New York, 1965. 

























p- TEHiAL aND energy balance calculations in METALLURGICAL PROCESSES 


K ^IrCISES 

. Discuss some of the factors that make it difficult to arrive 
:-_S. I at equation of state for a solid metal._ 

m • 

?-2 


5.3 

5.4 
■- ■ 5.5 

5.6 

5.7 

5.8 

5.9 


Identify the type of system, that is, whether open, closed, 
isolated, etc. Discuss your selection. 



a. 

|U 

b. 

tMi -• 

c. 

£?-•- 


T;'. ' 

d. 


e. 


f. 

' 

g- 


h. 


i. 


j. 


k. 


1, 


m. 

& 

TU 


0* 


P- 


The thermite reaction as applied to weld a steel rail 
joint, 

A flashlight that is switched on. 

The last stages of the refining period in an open-hearth 
furnace* 

The zone-refining process. 

The thermite reaction carried on in a bomb calorimeter, 

A guided missile, 

A fuel element in an atomic reactor. 


in a gas-fired crucible furnace. 
Steel heat-treated in an argon a 1 
Steel heat-treated in an endothe 1 
m. The reaction CO^g-j + H 2^(g) + ^ 

A burst balloon. 

The spot welding process. 
Consumable electrode process. 


2(g) 


Show that surface tension in dynes per cm, is numerically 
equivalent to surface energy in ergs per square centimeLer. 

Hake a list of intensive properties of matter. 

Make a list of extensive properties of matter, 

Give two examples of simple systems other than gases. 

Give two examples of complex systems, 

What are the solid state forms of titanium? 

Given the temperature and pressure of water, list as many as 
possible of its other intensive properties which are thereby 
established. 


5.10 Which of the following systems are homogeneous and which are 
heterogeneous. 


a. A mixture of CO, C0 2 , H?0, and Ho. 

b. A lead-antimony alloy or 50* lead at 

c. Liquid steel. 

d. Liquid steel exposed to: 1) a gas, 2) a siag. 

e. Solid steel. 


room temperature. 


nistlnnr!i-:h Kptwppn F find U as these functions are CES' rioed 


All 


THERMOCHEMISTRY 


5.12 Design a system similar to Joule's experiment in which mag¬ 
netic energy is converted to thermal energy. 

5.13 Distinguish between exact and inexact differentials. 


5.14 

5.15 


5.16 

5.17 

5.18 

5.19 

5.20 

5.21 

5.22 

5.23 

5.24 

5.25 


Sased on the definitions provided in this chapter can we 
define H by the equation, H = E + PV? Why or why not? 

Indicate whether all or aH or both are measured by the heat 
evolved or required by the following reactions when carried 
out in a calorimeter at constant pressure? 


a. 3C (graphite) + FejjC^ (s) -*■ 3C0 (g) + 2Fe (s) 

t' HCl^NaOH^NsCl + H 2 0 all in a dilute aqueous solution, 
d’. Ten grams of H 2 0 at 90*C added to 90 grams of H 2 Q also 
' at 90°C. 

In vaporizing water at 1 atmosphere and 10O°C the heat of 
vaporization per mole is about 9730 cal The volume of one . 
mol of vapor under these conditions is 29730 cc, while the 
volume of the liquid is negligible. Mat is the difference 
in Internal energy per mol between the vapor and liquid. 

AH = q when pressure Is held constant. What other conditions 
must be met for this equality to hold true. 

Show that for the isothermal expansion of an ideal gas 
Aw = RTdlnV. 

Determine Ah as a function of temperature for the reaction 
C (graphite) + C0 2 (g) = 2 00(g) 


Determine Ah as a function of temperature for the freezing 
of water. 

Calculate AH 298 for the reaction 

Fe 2 0 3 (s) + 3C0(g) = 2Fe(s) + 3C0 z (g) 


If the aH° 2g8K value for Fe 2 0 3 (s) is -197,000 cal/mol, 
calculate the AH° at OK. 


Calculate AH f for water at 
cal/mole. 


120°C when the 4H^ 298K 


-68,320 


id 0 „ . for CaO is -151,900 cal/mole and AH fi298t( for Si0 2 
1s f -20MOO cal/mole. What is the iH R)2 g 3K . for forming 
CaSi0 3 from a) the elements and b) the compounds? 

From the first law of thermodynamics, show that fq In du 5<j 
- sw is exact for a process operating at constant pres I 

where only mechanical work is done. . | 








CtWERM° CHEMISTRY 

' How much heat (calories) is liberated or required when ZnO 
is reduced by C to form Zn and CO at 1300K? 

.35* ? [ a i How many calories are required to heat 1 mole of Mi Cl 2 
to 1300K? 

(b) How many calories are required to heat 1 mole of Mi Cl 2 
to 1304K? 

(c) How many calories are evolved or adsorbed when one lb- 
mole of Mi reacts with 1 lb-mole of Cl z to form Mi Cl 2 
at 1 BOOK? 


Spr 28 What is the internal energy change when 1 mole of CO 2 reacts 
|f|y ' with 1 mole of C (gr) to form CO (g) 

(a) in a constant volume reaction vessel and 

(b) in a constant pressure situation? Assume the gases are 
ideal and the temperature is 293K* 

5,29 How much would a piece of iron containing 0,5% C by weight 
heat up, or cool down, if all of the carbon wan initially 
present as Fe 3 C and then the Fe 3 C adiabatically decomposed to 
Fe plus C (graphite) at BOOK? 




H 5,30 Carbon deposits as soot in the presence of iron oxide at 

about BOOK* How much heat is liberated or absorbed by the 
reaction 

2C0 + C0 2 + C 
per lb of C deposited? 

5-31 (a) Calculate the heat of reaction of 

CuCl 2 + Zn + Cu + ZnCl z 

at 1 ZOOK, Assume 1 mole of CuCl 2 and 1 mole Zn are reacted, 
(b) How much heat is required to raise the reactants in 

$// 

<$Syy (a) above from Z9SK to 1 ZOOK? 


10 ? 


5*32 Calculate the work done when 1 mole of water is vaporized at 
100°C and at 1 atm pressure. In carrying out the calculation: 

(a) use the observed increase in volume of 30.19 1 /mole 
vaporized; 

(b) use the volume increase which would occur if the water 

vapor were a perfect gas. 

Compare the results with the latent heat of vaporization 
(9706 cf1/mole) and consider, in terms of molecular forces, 
why the'heat is so much larger than the work- 


5,33 Calculate the enthalpy increment of one mole of Cr between 
298K and 12QGK* 


O A J" 


CHAPTER 6 


ENERGY BALANCES 


6.0 INTRODUCTION 

In the previous chapter, the basis for process energy bal¬ 
ance calculations was presented, namely, the Law of Conservation 
of Energy. The energy effects of various reactions, transforma¬ 
tions, and changes of state were presented. In this chapter all 
of these effects are brought together as metallurgical process 
plants and operations are analyzed. 

As in the case of material balances, the purpose of the 
energy balance must be considered before the problem can be pro¬ 
perly formulated* The purpose may be to compare several complete 
processes which produce the same product, to see which requires 
less total energy from the universe. Or a it may be to compare 
alternative modes of operation of an existing process, or it may 
be to develop information needed for control of a process. Each 
purpose requires differing details, and will require different 
data- Consider for example, the basic oxygen steelmaking process* 
If the process is being compared with the electric furnace steel- 
making process for purposes of total energy consumption comparison, 
the energy consumption of the process would have to include the 
electrical energy required to tilt the vessel, the electrical 
energy to hoist the oxyqen lance, the energy required to produce 
the oxygen from air, the energy to run the waste gas recovery sys¬ 
tem , etc, 



Ha ter 


System Boundary 




Waste 

Gases 


electricity 


heat losses 

































ENEflGY BALANCE CALCULATIONS IN METALLURGICAL PROCESSES 

anlj 

jfp ' ther hand, if an energy balance was being developed to 
the A*Q control the process, many of these Inputs would not be 
^,e• used j t n n+her words, we would draw the system boundary dif- 

feerently* __ 



THE HEAT BALANCE 

The most common type of energy balance on metallurgical 
processes is the “heat 11 balance , in which only the thermal energy 
(heat) into and out of a process is accounted for a It should more 
properly be referred to as a thermal energy balance, but common 
usage dictates that we call it a heat balance, All that is re¬ 
quired to successfully develop a heat balance on a process is an 
accountant's mind! Referring again to Chapter 5 and limiting 
consideration to thermal energy: 


Heat Into 
System 


Heat out 
of System 


Heat Accumulated 
in System 


( 6 , 1 - 1 : 


In a steady-state process, no heat is accumulated. 

The biggest problem, and the,place where more mistakes are 
made than anywhere else, is in the choice of reference temperature. 
This will be considered in the following general discussion, but 
first the reader is reminded that' heats of reaction can be calcu¬ 
lated at any temperature according to Kirchoff's Law, since enthal¬ 
py f .is a state function. Also, since most metallurgical processes 
are constant pressure processes, enthalpy, rather than internal 
energy, is the measure of'heat energy. 


ENERGY BALANCES 


Consider a process in which solid material fuels and 
preheated air enter a process, react, and release process cases, 
and products at elevated temperatures, and loose energy by radia¬ 
tion and convection to the surroundings: 


In Out 

Solids @ 298 £ 1 f Gases ® ISOO K 

Fuel 0 298 K > —- i Condensed Products @ 1600 K 

Air 0 1000 K J l 

The heat balance for such a process can be represented as follows, 
if the reference temperature is taken as 293K: 


298 


Air? 1000 K 

ah! 


_ Fuel q- 1 

Reactants 


1 




R 298 


• Gases, 1800 } 


< 

►Products, 1600 

- 

AW j 

ah; 


AH 


loss 


The enthalpy terms would be as follows, with the sign of the term 
being as indicated. 


Term 


AH. 


Sign of Term 


ah 


ah. 


298 

1 

1800 

I 

298 

1600 

i 

29 & 


C p,air dT 


C dT 

p,gases 


C dT 

p products 
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AMD ENERGY td ALAN L-L UMLbULH Hi JV1CI MLLUn La I'liML 

*T£R)AL an 


ife- Sum of the Heats of Reaction at 
jggsf' = 298 K to form the output products 

4^r, 298 ari d gases, 

' > = ne t heat loss to surroundings, 

4^1 OSS 

: he energy balance, then, is 

p;;: +4HJ + I4 H r + iHg + + iH loss -= 0 


Sign of Term 
+ if endothermic 

- if exothermic 

—- + 


( 6 . 1 - 2 ) 


i<; only correct, however, if great care is taken to follow 
Sj^ p^Tdirection of integration, from tail to head of the 
.^ uToT - the diagra¥ .~~ 

Now, consider the same process, but instead ot calculating 
the heats of reaction at 298 K, assume, for example, that it is 
^nre convenient to calculate E4% at 1000 (({because, perhaps, the 
.u, data for reactants and products are available at 1Q00K.) The 
diagram with 1000 K as the reference temperature would be: 






1000- Air 


293 J 


Gases 


aH 


R 1000 


Fuel 


iH. 


1 

Reactants 4 


ah„ 


1800 K 

Products @ 1600 K 
aH* 


ah 


•r 




loss 


The terms in this ca$-e would be 
Term 


Sign of Term 




AH = 


1000 

/ 

298 

1000 


r c’ c ,dT 

) p,Fuel 


T 

293 


reactants 


dT 


l.SOO 




j> 


jases. 


dl . 


1000 


250 


Term 


Sign of lerm 


4H ’ = f c‘ , . dT + 

4 J p,products 

1000 

E4H 0 = LtH f,1000 - “ H f,1000 + or - 

K * lJLJU products reactants 


Again, as long as the integration direction follows the arrows, the 
enthalpy balance is: 

aH 1 + AH 2 + AH 3 + iH 4 + i aH Rj ' 1 qqq + AH^ qss = 0 (6,1-3) 

This time, however, note that there is no term involving the sen¬ 
sible heat contained in the incoming air and that none of the terms 
(except possibly EAH R jqqq) is a negative term. 

The argument can be carried further. The result would always 
be the same. To set up the balance properly, use the follow ing 
algorithm : 

Step 1: Decide at which temperature heats of reaction will 

be calculated. This is the reference temperature, - 

Step 2: Draw a temperature scale. 

Step 3: Place the reactants at their initial temperatures 
on the scale and draw an arrow from that tempera¬ 
ture to the reference temperature* 

Step 4: Repeat Step 3 for all products leaving the system. 

Step. 5: Calculate all sensible heat terms by integrating 
heat capacity data in the direction of the arrow 
to the reference temperature* 

Step 6: Calculate the heats of reactions, solution, etc., 
at the reference temperature. 

Step 7: Add all of the terms obtained in previous steps. 

Step 8: The heat loss term is the result* A positive 

value means that there is a loss from the system 
to the surroundings, 

EXAMPLE 6,1-1: Show how the thermal energy balance can be obtained 
from the First Law of Thermodynamics, 

Solution: The most general form of the First Law is given in 


251 
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MATERIAL am 

I g gst tr o For 3 system at constant pressure: , this formulation 

m£q-' :* 

becomes 

m: n v* 

Wi <j(e' + pv') - sq - aw* + E fi"i < h 1 + ?T ^ g z 1 ' 

1=1 d C y c 

•' si nce the thermal energy or heat balance considers changes 

§ . er ,tha1py only, the changes in kinetic and potential energy or 
§|: th£ system can be assumed to be equal to zero and 

d(E'+ PV 1 ) = d(U 1 + PV) = dH l = 6q + - <5w 

P ••• i 

If n0 electrical work is put into the system or produced by the 
system, 

U : - dH 1 = 5q + ETTl^h-j 

| For a system at steady-state there is no change in the state func- 
|p; tion: 

dH 1 = 0 

v ■ , 

or, therefore, the heat put into or lost from the system, 

S’. 

^ - r " < 5 q = 

or 


5 q = .enthalpy of outputsv 
* from system 

On a molar basis, 6q = -E5n^ 


enthalpy of inputs 
to the system 


To show that this approach is equivalent to the heat balance 
given in Eq. (6.1-2), consider the example with a reference tan- 
perature of 1000 K* For the process } 


AH] + dHj + 000 = 6H ioss 


However, 


T Ref .1000 




-f c ;,f Ue , dT -t";u el s(T « e f-’ oooi - H 'f-' 9IT '"’ Z98)] 


T in =298 


■ ' ' 
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rRef 


.= 1000 


iH 2 = | C p jre actants dl = ‘- ri reactants @ ^ T Ref" 1000 ) 

R reactants^ T irf 290 )] 


T. =298 
i n 


T =1300 
rout 


AH = 
3 


c‘ dT=[H 0(T . = 1800) - H @(T = 1000)] 

p.gas gas out gas Ref 


T Ref =1000 


uH 4 " 


T =1600 

-out 

r ' dT=fH' @(T .=1600)—H . @(T n =1000)] 

C p,prod. L prod. out prod. Ref 


T =1000 
Ref 


and 

EAH 


= l dH P 9 (T n .- 1000 } ‘ E dH F 9 (T = 1000) 
■R.1000 products F RS ■ reactants 


= * « * = 1000) - * ants H (T Ref = 1000 > 

products reactants 


- H l 9 (T 1000) + H @ (T , = 1000) 

products ' Ref gas Ref 


-K uel e(T tef ‘ 1000,tH ' 


@(T n =1000)+H . (Tr, ,=100C 
reactants Ref air wf 


Finally, combination of these equations yields 
AHj + ^ + AH 4 + ia H R)1 oOO 



@(T. )] 


* [Voducts^out' JWEts ? < T Ref )] 
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mA T£R |AL 


= H products g ^ T out^ + H gas ' ^ T out^ 


" ^ H fuel @ T ^reactants 


9 < T iJ + H airi- (T R e f )] 


in 


since the inlet temperature of’the air was the reference 
ternpe nature 

AH i + iHj + AH3 + + EAH^jqqq 


/-■ 


^products ® 


J + H 1 0 (I J] 
out' gases out 


-CH fue1 @(T in ) * « reacta „ts« T 1n ) * « a1r «t n )3 


e- 


= (enthalpy of outputs from system} 

- (enthalpy of inputs to system) 

Finally, the negative of the heat loss from the system must 
correspond to the heat gained by the system 


- aH 


loss 


&q 


or 


6 Q = enthalpy of products 
leaving system 


enthalpy of inputs 
to system 


which is equivalent to the statement of the First Law. 

The previous example demonstrates that the First Law and the 
heat balance are equivalent. It also shows that the choice or 
the reference temperature is completely arbitrary since all terms 
based upon this value cancel out during the calculation. The heat 
loss term will be the same, regardless of what reference tempera¬ 
ture is chosen, if the problem is set up properly , 

EXAMPLE 6*1-2: A furnace for reheating billets, prior to their 
being rolled, uses fuel oil and air to produce hot gases which 
pass over the billets, transferring heat to both the billets and 
the furnace walls. Some of the heat in the walls is re-radiated 
to the billets and some travels through the walls and is lost to 
the surrounding. The gases finally exit from the furnace at a 
reduced temperature. 


energy balances 


Air 



The net heating value of the fuel oil is 40,000 kO/kg, 25% 
exC£S5 air is supplied, and the waste gases analyze 4.6% The 
billets enter the furnace at 298 K and leave at 1400 K at a rate 
of 130,000 kg/hr. The waste gases leave at 1500 ft, The oil is 
supplied at a rate of 100 kg/hr, and analyzes 85% C s 14% H and 1% 

$, Compute the heat losses and the thermal efficiency. For pur* 
poses of the example, use a mean heat capacity of flue ga’ses = 

1.05 kJ/kg*K. (=0,27 Btu/Vb-°F). 

Solution: The heat balance reference temperature is clearly 298 K, 
since that is the temperature at which the heat of combustion of 
the fuel is available. 


The diagram thus becomes: 


T 


298 -J 


1500 K 



gases . 


loss 


* The net heating value is the thermochemical energy liberated by 
complete combustion of the fuel to HjOlg} and CO 2 a^- 238 K. The 
qross heating value of a fuel refers to the energy liberated by 
complete combustion to HjOfi) and CO^ at 238 K. diTfe ^ ei ]^ e 

is obviously the heat of vaporization of water at 298 K and toe 
heat of vaporization of water. For fuels made up or pure e e 
merits, or a mixture of compounds, the calorific power can be 
calculated from heats of combustion of the individual compounds, 
but for fuels such as coal or oil, which are indefinite in com. 
position, experimentally determined values must be used. 
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H enthalpy terms are: 


eaHd 90 s = AH Combustion = -(100 kg)(40,000 kJ/kg) 

^ K j 3 □ 


= -4 x 10 6 kJ 

i H^ eel = (130,000 kg}(10 3 g mol/55.85kg)(10,120 cal/g mcl) 


(lkJ/4.186 x 10 3 cal] 


= 5.651 x 10 s kJ 




• Thfi ^th'alpy content (sensible heat) of the gases can be found, 
"after combustion calculations are made in order to find the amount 
J Q f infiltrate air (unmeasurable otherwise). For 1 kg oil: 


products 

(0.85 kg C)*(44/12) ■+■ 3.12 kg C02 
(0.14 kg H Z )'(18/Z) + 1.26 kg H 2 0 
(0.01 kg S) • (64/32) -0.0Z kg S0 2 
1.00 kg oil 4.40 kg 


required 0 2 

2.34 kg 
1.12 
0.01 

3.47 kg 0 2 


The required.air would bring 11.62 kg N? with it. The 25* excess 
air would bring 0.87 kg 0 2 and 3.48 kg Rj with it, so tha^ cne 
final products of combustion would contain: 


wt. 

3.12 kg C0 2 
1.26 kg H 2 Q 
0.02 kg S0 2 
0.87 kg 0 2 
15.10 kg N 2 

20.37 kg gases 


moles 

0.0709 

0.07 

0.0003 

0.0272 

0.5393 

0.7077 


vol % 

10.03 

9.90 

0.0004 

3.85 

76.21 

100 


Since the oxygen analyzer indicates 4.6X 0 2 , there is clear¬ 
ly infiltrate air-present. Further calculations show that unis^ 
analysis, on a volume basis, will occur if 1 additional kg of air 
per mole of oil enters the system. Thus, the tota l amount Qj_ 
waste gases must'amount to 21.37 kg gases/kg oil, and 


AH. 


fi, ]0 = (2137 kg gas)(1.05 kJ/kg-X)(1500 X-298 X) 

I iUc y a 5 £ S 
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The balance then is: 

-4,000,000 + 566,100 + 2,697 JOG * -AH, 

loss 

AH loss * 737,800 kJ/hr. 

The thermal efficiency of the process can be measured or described 
In several ways. Since the requirement of the process is to heat 
steel from 298K to HOOK, the efficiency has to be measured 
against this requirement. However, the base of this efficiency 
can vary. 

For instance, in order that the steel reach HOOK, the 
energy required to raise it to that temperature must be available 
at temperatures above HOOK , The gases cannot transfer energy to 
the metal unless they are hotter than the metal. In a counter- 
c urrent system such as in this Example, the gases could exit from 
the furnace at any temperature above 298K. Therefore, the poten¬ 
tial available energy is 4.0 x 10° kJ, and the efficiency is 


Efficiency 


energy absorbed by product . 

energy supplied 


555,100 

4,000,000 


x 100 


* 14.U 


On the other hand, had this been a batch type furnace, with 
a cold charge going into the furnace and staying there until the 
entire charge reaches HOOK, the energy available to be transfer¬ 
red to the metal would have been less than 4.0 x 10^ kJ, because 
as the stock heated up,, the waste gases could not transfer energy 
at temperatures below the stock temperature. This would cause 
the numerator in the efficiency equation to become smaller, in¬ 
creasing the apparent efficiency. 

Finally, the efficiency of the furnace could be measured by 
the effectiveness of the insulation, in which case the efficiency 
would be j> 


Efficiency = Eneroy In - Heat Loss x m 
J Energy In 

„ 4.0 x 10 6 - 0.74 x 10 6 

4.0 x 10 6 

= 81.55 


6.1.1 SANKEY DIAGRAMS 

An excellent technique for visualizing the distribution of 
energy in a process, or for that matter in an entire plant, 1 
the Sankey diagram. All incoming energy sources and ail outgoing 
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?MA TERlAL a 

Hp ? 

j" •' ■ streams are placed on the diagr 

^energy tioral t0 the amount of er 

i'jjelfla ** Sant'j&v rHanram for the fi. 


agram; the width of each stream 

_ energy contained in it. For 

:^v- le a ‘tne Sankey diagram for the furnace in Example 6.1-2 would 
E foUows: 



kJ 


It is immediately obvious that, in this case, a large amount 
of the energy put into the furnace is lost from this furnace as 
sensible heat in the flue gases, and that the efficiency of heating 
of the steel is low. Thus, it is easy - to visualize where efforts 
ought to be made to increase the energy efficiency of the operation. 
Redesign of the furnace, for example, to decrease heat losses or 
improve heat transfer so that less fuel is required would be one 
way, but even more obvious would be to utilize the heat in the 
flue gases. This might be accomplished by using the gases to pro¬ 
duce steam in a boiler and then using the steam to produce elec¬ 
tricity via a turbine. The use of waste-heat boilers is common in 
many large process plant complexes. 

Another way to utilize the energy in the flue gas would be 
to transfer its energy to the incoming combustion air, thus re¬ 
circulating some of the energy and reducing the requirement for 
fuel oil. This is done by means of a recuperator , in which energy 
is "recouped’ 1 , the French word for regained. Recuperators take 
many forms, such as shell and tube heat exchangers, crossflow or 
counter-current in arrangement, and they may be continuous or 
intermittent in operation. As far as energy efficiency is con¬ 
cerned, it is only the efficiency of heat exchange that is of 
interest here. 

EXAMPLE 6.1-3: Taking the situation in Example 6.1-2, examine 
what happens if the heat recuperator shown in Fig* 6,1-1 was put 
on the flue gas stream and it was assumed that the recuperator 
was 50% efficient at heat exchange. 

Solution: Since the use of preheated air will decrease the require¬ 
ment for chemical heat, the fuel requirements must be recalculated. 
Also, since less fuel is required, less combustion air will be 
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required and fewer kg of waste gases will be available. The heat 
balance is somewhat different now: 




■AH 


loss 


air 



Fig. 6.1-1 Billet heating furnace with recuperator. 
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jgjfc - : 

gg^ 7 ''' i -| S the same, and for the moment } assume that 

because virtually the same temperatures are involved. 

It!.' is taken to be (0.5) arf f]ue gas , based on the assumed heat 

Exchange efficiency. Letting F be the number of-kg of fuel oil. 


Heat In 


Heat Out 


(m) 


C V. (AT) 


Pi-(0 ’5) (21.37F) (1.05) (1202)+40 ,GOOF=565,100+737,800-(21 ,37F)(1 .05) (1202) 
13,485F+40,Q00F=1 ,302,900. + 26,971F 
j§| F=49.14 kg fuel oil 

' ^flue gas =1.325,300_W/hr 

P''' Recouped ' 662 ’ 650 kJ/hr 

fo:.. AH L =1 ,965,500 kJ/hr, 

i - : ■■■■ ■ combustion 

ife • 

E’. jbe San key diagram for this situation would look as follows. 



Chemical energy 
in fuel oil 

1.96 x 10 6 kJ 


Reheating 

Furnace 


Q.74^x 10 

0,56 x 1C~ Sensible Heat in 
Steel 


Recovered 

Thermal 

Energy 



_ _ , 5 1 Combustion Air 

0.66 x 10 D kJ 


Sensible Heat in 
Flue Gases to 
Stack 
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Now, total fuel consumption has been drastically decreased * 
from 100 kg oil/hr to 49.1 and the efficiency is up to 21%. Heat 
recovery of this type should be practiced as often as possible, 
and usually is, consistent with local economic conditions. 

The Sankey diagram for processes involving chemical reactions 
other than combustion of fuel also helps to highlight the potential 
a^eas for fuel savings. Such a diagram, for the sinter plant 
illustrated in Fig. 4.3-2 is given in Fig. 6.1-2. Notice first 
that the heat losses, as a percentage of the energy in, are small. 
This is typical of most gas-solid packed bed systems, such as 
sinter plants and shaft furnaces. Notice also that the energy to 
evaporate moisture is not insignificant. Hydrated ores such as 
Fe-sO-a'HsO require extra energy to process, ihe only potential 
energy savings can be made by recouping heat from the waste gases 
or the hot sinter itself. These amount to about 50* of the overall 
thermal output of the process. Some sinter plants .do have sinter 
coolers'in which the heat recovered from the hot sinter by air is 
transferred to the sinter on the machine via huge ducts that empty 
just above the sinter bed. Some fuel savings are effected m this 
manner. 

One might be temDted to think that if these sensible heat 
streams could be removed as outputs, the fuel required wou d be 
decreased. They do look like "losses". However, this would be a 
mistake! because theyTSsult from.the fact that within the Process, 
certain temperatures must be attained, and in order to reach those 
temperatures, the fuel is necessary in the first place. Further¬ 
more none of the streams leaving the system U at a temperature , 
anywhere near the maximum temperatures reached in the process u- 
self and may not be useful, except in neighboring processes or 
nlants This is a result of where the system, boundary has been. ■ 
draw! In other words, the "quality" of the energy being lost is 
So low for the energy to be useful. Thus, the use of Sankey 

diagrams from the standpoint of understanding a process can be 

misleading. More on the subject of energy Quality is presented 
in Section 6.4, 
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{ unhurried). 


heat in 
sinter, 25. 


■Fig. 6.1-2 Sankey diagram of the heat balance on 

the sinter plant depicted in Fig. 4,3-2, 
Energy values are as percent of total 
energy input and output. (Adapted from 
Agglomeration of Iron Ores , 0. F. Ball* 
et si., American Elsevier, New York* 

- 1973.) 
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W, 3 -t 



Solution: The choice of a reference temperature requires that 
which reactions are taking place and what the heats of those 
reactions are be known. In this case the reactions are 


C + 0 2 (g) - C0 2 (a) 

Si+0 2 (g) ^ Si0 2 (i) (b) 

Fe[i) + 1/2 0 2 (g) + FeO(i) (c) 

1.65 CaO(S) + Si0 2 (i) - 1.55 CaCTSiO^O (d) 


where the underline, eg., 5i_, indicates that the element is dis¬ 
solved in molten iron. From Chapter 5* we saw that since Eqs. ( a )> 
(b) and (c) involve two steps, eg.. 


Si Si( jl) -ahJ!. - + 31 ,100 cal/mol 
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SiO z (t) 


AH f Si0 = - 217,700 cal /mol 


aT ERIAL 

sKO + ° 2 (g) 

' of the two steps gives the net reaction and its enthalpy: 
S i + 0 2 (g) + Si0 2 {j) AH R,( b ) = “ 136,600-cal/mol Si0 2 


t nther words, we find the net heat effect by adding the heat 
’^rts of the two steps. This involves knowing the heat of 
- T^rinn of the elements in liquid iron. This data is available 
s0 !hi- fi 1-1) at 1600 a C (2912”F, 1873 K} and since data for the 
■ ?“' reactions are also available at 1600°C, it is convenient, m 
case to choose 1600°C as the reference temperature. 


TABLE 6.1-1 

Heats of Solution of Elements in Molten iron 
at 1 wt.S Concentration and 1600°C (1073 K) 


C (gr) 
Si(0 
Mn(t) 
Cr(s) 
Al(t) 
1/2 0 


Reaction: 


(s) 


1/2 So(g) 
CoU) 

Cu (2.) 

Ni (a) 


C.(l% in Fe} 
Si (U in Fe) 
Mn (l*fn Fe) 
Cr (IS in Fe} 
(1J in Fe) 
(1% in Fe) 


A1 
0 

S , 

Co (1% in Fe) 
Cu (U in Fe) 
Hi (IS in Fe) 


(IS in Fe) 


-n , , 

Hj cal/g mol 


5,100 
31 ,100 
0 

5,000 
10,300 
28,000 
31 ,500 
0 

8,000 

5,000 


At 1600°C, the heat effects of reactions (a), (b), and (c) are. 

iH R, 1873 


(a) C + 0 2 (g) ■+■ CO 2 (9) 

(b) Si+ 0 2 (g) -*■ Si0 2 (i) 

(c) Fe + 1/2 0 2 (g) - FeO(i) 


- 99,940 cal/mol 
-186,000 

- 55,780 


In the tase-.-of reaction (d) , this reaction is the closest that we 
can come to estimating the. heat of mixing of the -lag from C > 

Si Ot j and FeOi The FeO - Si0 2 liquid system is nearly .>deaV from 
a thermo dynamic standpoint, so the.heat of mixing of those tv, 
constituents is small and will be ignored, but it is known 
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(however inaccurately) that there is a heat evolution when CaO(s) 
and SiO?U) are mixed to form a liquid. The heat effect in this 
case will be approximated by: 

(d) 1.65CaO(s) + Si0 2 U) "* 1 .65Ca0-Si0 2 (i), aH R = -20,000 cal/mol 


Now, draw the heat balance diagram: 


2000 - 

Waste Gases 

tH R,lB73 

1 - 

1873 - 

Ji 1 

i; 

l 


t Steel Slag 






AH 4 . 

1620- 




i 

» Hot Metal 

T,K 







iH l 

i 

Mi 2 

1 i 

ah 3 . 

Ms - 


298 - 


•Scrap 1 

• CaO 

•Infiltrate Air 

273 - 

l*o 2 







Heat 

Losses 


The heat balance is then: 

ah| '+ aH 2 + aH 3 + aH 4 + ah 5 + aH Rj1873 = - aH i oss 

ah’ : This is the heat to bring the oxygen to 1873 K. 

1873 

C p ,0 2 dT = f [H 1873 ' H 273^0 2 * 10 
2>3 

= 35.0 x 10 6 cal. 

ah' : This is the heat needed to heat and melt scrap-steel- and 
^ bring it to 1873 K, 





scrap 


[^ 373 - H Z9SJFe 


341 

55.85 


[18550] x 1CT 
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= 113,1 x 10° cal * 

This is the heat required to bring the lime to 1873 K. Since 
this lime is going to react with Sit^U) to form the slag, 
and since the heat of formation, equation (d ), is written 
in terms of CaO(s), there is no need to add the heat of 
fusion, 

1873 

C p,CaO cT = ft ^1873 


aH 3 " n CaO 


H^gg] X 10 


298 


aH, 


ah 


= 30,4 x 10 6 cal. 

The sensible heat increase in the liquid pig iron from its 
initial temperature to 1873 K. 


1873 K 


10/0 fv 

ah' = n . . ( C dT=r^[16][1873-1620]xl0 3 

4 pig iron J P>P 13 iron 53.6 

1620 K 

= 56.6 x 10 6 cal. 

The infiltrate air is heated from room temperature to 1873K 
before it reacts with CO in the waste gas duct. 


AHr - n,■„ C 


[1873-298] = [7.85][1S75] x 10' 


air p,air 


* 76, x 10 b cal, 

ZAHn 1R7 -; Now that all of the reactants are at the reference 
b 6 temperature, compute the amounts of reactants, the 
heats of reaction and add: 

Based on the waste gas analysis, 

(0.4499 kg CG,)(264 kg gas)(10 3 mol C0 ? ) 

, _±_____ —— - 2699 mol C0 9 are formed. 

(1.0 kg gal) T 44 kg C0 2 ) 4 

Eased on the slag analysis, 

( 172 kg slag)(0.35 kg FeO) (10 3 mol FeO) = 836 mol FeDj 
tl.OQ kg si agj (72 kg FeO) 

and ■ 


* See footnote on page 210 . 
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(172 kg slag 1(0.149 kg Si0 2 )(lo 3 mol Si0 2 ) 

(1.0 kg slagMGO kg SfoJ) = 427 11501 Sl '°2 

are forimed. , 


Heats of Reaction at 1873 K: 


lal /?roo mni rl - 9 v , 9 40 Ca \ 
(a, (26 99 mo, C) mo] C0 2 formed 

(b) (427 mol Si0 2 ) L 56,000 cal 
6 mol 5i0o 


(c) (836 mol FeO) 55,780 cal 

mol FeO 

(d) (427 mol SiO,) cal 


= -269.7 x 10 s cal 
= - 79.4 x 10 6 cal 
= - 46.6 x 10 6 cal 


2 mol 1.65 CaO Si0^ = ‘ 8 ’ 54 x 10 Ca1 


EAH 


R, 1873 


-404.2 x 10' 6 cal 


1 

aH : This represents the enthalpy contained in the waste qases 
d above 1873 K. 

iH 6 = n 0 2 [H 2000“ H 1873 ;i 0 2 + n C0 2 [H 2000- H 1873Lo 2 + n N 2 [H 2000" H 1S73ti 2 

= 10.7 x 10 6 cal. 

Finally, 

■ 4H 'loss xl0 " 6=35 ‘° + 113-1 + 30-4 + 56,6 + 76 - 3 + 10 - 7 * 404.2 


= + 322.1 - 404.2, 
= - 82.1 


or 


AH 


loss 


82.1 x l(r cal or 20„3% of heat input. 


This amount of heat is lost via convection and/or radiation to the 
surroundings, including the water-cooled hood* up to the point 
where the 2QQQK gas temperature was measured, or is absorbed by 
the refractory lining of the furnace. 

A Sankey diagram for the BOF process with a reference tem¬ 
perature of 1373K would look as follows: 
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AH,, 
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-aH 


loss 
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and the Sankey dl agram woul d be: 



Finally, another way to graphically P^esentabsatb^anc^ 
is by means of a bar graph. This is more useful f or *J>atCh pro 
cess than for a continuous one. For the process in Sample & 
such a diagram would be as follows, for the reference temperature 

of 1873 C: r 

Energy In . Energy Out__ 


Fe ■+ FeO 


Si -r SiO, 


Heat Losses 


Waste Oas, Superheat 




CO, 


Infiltrate 
air heating 


' 90 


Hot metal 
Heating 


CaO heating 


70 
60 
1 50 
■ 40 


- 30 


Scrap heating 
and melting 
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-3 Material flows in a primary steelmaking plant in which 
coke is produced in slot ovens, ore is reduced in a 
blast furnace, molten pig iron (B.F. metal) and scrap 
are .charged to a BQF shop, and ingots are cast and hot- 
rolfed after soaking to even out temperature gradients. 
(Ref. The Effect of Various Steelmaking Processes on 
the Energy Balances of Integrated Iron and Steel Works , 

Spec. Report 71, The Iron and Steel Inst., London, 1962} 


Fig. 6.1 


flip w 


TS- 

$ 

a 

|«wj 


energy, balances 



Fig. 6,1-4 Sankey diagram for plant shown in Fig, 6.1-3, with a 

reference temperature of 293 K joules (ref. Spec, K |"g- 
port 71, op cit.) 1 Therm - 100,000 BTU - l.ObS x W 
joules, 
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rial AND energy balance calculations in metallurgical processes 

■ , ADIABATIC reaction temperatures 

In the previous section a heat balance was set up for a pro- 
e , W hich included a tern for heat lost. Heat loss Is time de- 
c u n't i e heat is lost by being transferred -from the reaction 
P ftp or’process space to the surroundings. The transfer is not 
instantaneous, but follows the laws of heat transfer. For example, 
the convective loss from a furnace wall to the surroundings, equals 


T 1 

1 surroundincs v 


( 6 . 2 - 1 } 


Q = hA (\ all 

., hfjrp h is the heat transfer coefficient (J/m 2 -K-s), A is the area 
of the wall (m 2 ), T is the temperature (K), and Q is the heat loss 

{J/s or W). 

Clearly, factors that increase h also increase Q. But, AHw 5 -for 
= nrocess is 0 -t, and for a reaction that occurs rapidly,t (time) 
approaches zero. Therefore, iH loS5 approaches zero. Under these 
circumstances, the heat balance doesnot. contain a heat Kss 
term and thus any excess energy put into the system via an exo- 
thermic reaction must be absorbed by the reaction Products, ihis 
mpans that the products will rise in temperature until they have 
absorbed that excess energy. The temperature that the reaction 
products attain under such a no-heat-loss (hence the term adiabat.c^ 
condition is called the adiabatic rea ction temperature (ART). In 
the special case of combustion of fuels, the temperature is called 
the adiabatic flame temperature (AFT). 

The ART is calculated from a heat balance, but in this case 
all reaction products are assumed to attain the same temperature, 
the ART. The heat balance diagram and equations for calculating 
the ART follow. 


Reactants 


All Products 

(ART or AFT) 


ah. 


293K 


Reac¬ 

tants 


where 


AH, 


i 

.1 1 

* 

IiH R, 298 1 





Reactants 


+ 

1 

EaH R) 298 + 4*2 = 0 

( 6 . 2 - 2 ) 

all 

290 

l j c p ,reactant d I 

(6.2-3) 


^actants initial T 
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and 


ART 


ah 2 = 


l 

all 

products 


C , dT 
PiProaucx 


(6.2-4) 


293 


and 


C = nC n 

P P 


The ART or AFT are important in several instances. In the 

thermite w^iing os steel sections, the ART of a mixture of steeV 

shot FepoVand aluminum powder governs the extent of heat!ng and 

the size and location of the heat-affected zone m the neighboring 
cne 5 lie anu *- ai n . nnoe started, occurs 


thA qize and ocalion or lmc - ■ 

steel. The reaction> 2A1 + regO, -2Fe* A1,0,. once started, occurs 
so rapidly that it is justifiable to calculate the ART. 


In the production of many ferro-alloys, the. reduction or 
metal oxides to metal is carried out in batches by reaction with 
a reactive metal such as silicon or calcium. The ARi of such^ 

vessel. 


In the operation of shaft furnaces with air or. air-fuel 

injection, the The effect 

of^changes^!n°the n C otrposition of the injected air/fuel mixtures 
must be^calculated in order to control the AFi. 


EXAMPLE 6.3-1: What is the AFT for the combustion of a gas con¬ 
taining 965S CH 4 , 0.8* C °2; c w‘d S t o 2 3 0 S h oxygen is^sed? Assume that 

ssi-ts^ r a ?; r e ^ ^ 

K, 1 


Solution: 


As a basis for the calculation, use 100 mols of gas. 


ii n is also a ^a 5 lol°beci?' S Therefore!^ gaS'c^ntains 96 mols of 

CH^, 0.8 rrols CO 2 , and [DD '' S N 2' 


The theoretical air re,of red .odd have to provide enough 
oxygen to burn all of the CH 4 to Z £ 


CMg) + 2 02(9) 


96 mols CH 4 2 mols 0? 


C0 £ (g) + 2 * 20 ( 3 ) 

192 mols 0? required 


100 mols gas mol CH 4 


.100 mols gas 


Since air contains 79 mols N 2 per,21 Doles of O^, the nitrogen 
that will enter the system along with tne 192 mols u 2 i- 
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^ATEHIAl 

192 mols O 2 ^ , 79 mols 

f 100 mol3 _ gis 21 mo 1 s 0 ^ } = 722 mols N 2 

Therefore a the products of the reaction will include/722 mols N 2 
ir : ; the air plus 3,2 ^oss from the gas. 

Since the gas and air both enter at 293 K, 293 K becomes a 
' convenient reference temperature. Neither gas nor air brings or 
requires any sensible heat. 

The reaction 

CH 4 (g) + 2 0 2 (g) - C0 2 (g) +^H Z 0 (g) - 

96 mols + 192 mols -+ 96 mols + 192 mols 

1 

-liberates heat, ZAHr ^98 foLjnd * rom 

|; M.Hr, 298 = 96 AH f,C0 2 + 192 iH f J H 2 0(g)" [ 96 AH f,CH 4 fJ^f^ 

= 96 (-94.05) + 192 (-57.80) - 96 (-17.89) - ;192 (0) 

Py ■ ' 

& = -18,408. kcal 

r‘'"‘ 

This heat must be absorbed by the reaction products as sen¬ 
sible heat. The heat capacity of the reaction products in the 
system is: 

er. 

■ 

C p = n C0 2 ' C p,C0 2 + n H 2 0“ C p.H 2 0 + - n N 2 ,C p.N 2/ 

= 96.8(10.57+2.10xl0' 3 T-2.06x10 5 r 2 )+192(7.30+2.46xl0' 3 T) 

+ 725.2 (6.83 + 0.90 x 10' 3 I - 0.12 x 10 5 T -2 ) 

= 7377.9 + 1.301T - 286.4 X 10 5 T -2 
Now, Eq, (6,2-2) becomes 




‘AFT 


EAH 


R,298 = { 


(7378 + 1.30T - 2.86 x 10 7 T“ 2 )dT 


298 


t-- - ( 7378 T + 0 . 650 T 2 + 2.86 x loV 1 } 


'AFT 


298 


or. 
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18,408,900 - 7378T aft + 0.6501^ + 2.86 x 10 7 - 2.352 x 1Q 6 

Since this is a non-linear equation, the value of the AFT can be 
determined by either successive approximations or graphically. 

In the graphical procedure, a graph of enthalpy (calories) vs. 
temperature is made, AHn is entered as a horizontal line, and the 
right side of the above equation is plotted as a function of tem¬ 
perature. The two lines intersect at an AFT of 2330 K* as shown 
in Fig. 6,2-1, 




Temperature, K ■+ 

% 

Fig. 6.2-1 Graphical determination of ART. 


If the air had been preheated, the sensible hfia L b j°i! sh 'L lrito 
the system above the reference temperature would be added to the 
heat of reaction, to be absorbed by the reaction-products, result¬ 
ing in a higher AFT of 27SOK, as shown in Fi s- 

Similarly, if the air has been enriched with gaseous oxygen^ 
resulting in less Ng carried through the system to absorb 
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ibe 

II 


the AFT would be higher, because fewer moles of nitrogen will 
3 ~‘ the products. In the present example, enrichment of the 
1 to 30£ 02 w0lJ ' ltl mean that only 


443 mols N 


2 


192 rales Oj . 70 moles N 2 

( TOO'mols "gas ^ ^ 30 moles C 2 Wlnols gas 

^would enter in the air. This time, instead of integrating heat 
^capacity data, use the already integrated functions, [H T - H 2ga ]: 

fife? ' 


Wi 


n.C dT = I n^[H-|-^Hggg] * n^g [-3926 + 10,uo T + 1.08 x 10 "S’"] 
1 Pi i £ 


% 


+ n u n [7,30 T + 1.23 x 10~ 3 T 2 -2286] 
+ n w [6.66 T + 0.51 x 1Q" :3 T 2 -2031] 


Since EAH Ri29e is the same, the AFT can be found by plotting 




t [H t - H 2ga ] i = 5420.T + 0.569 T 2 - 1 ,732,195 


1 


on the previous graph and again finding the Intersection with 
for the case where the air is not preheated* The result is an 
AFT of 2860K* 

Clearly, extension of this to the use^of pure oxygen with 
combustion gas results in the maximum possible flame temperature* 
Conversely, as excess air is added, more gas is present to absorb 
the same amount of heat and so the flame temperature Is lowered. 
Fig, 6,2-2 shows the results of such calculations in this case. 

v, * v- - - r • - -< ■ 

The method of successive approximations involves solution of 
the equation ignoring the higher order terms, substituting that 
value into the whole equation* testing for equality, and read¬ 
justing the value until agreement (within practical limits) between 
right and left sides is reached* This is particularly amenable 
to computer solution, as illustrated in the next example* 

EXAMPLE 6,2-2; Some processes operate only If the temperature at 
certain locations in the furnace is maintained at a particular 
temperature. One such process is iron ore reduction in the iron 
blast furnace, whose typical temperature profile is shown in 
Fig, 6*2-3* The maximum possible temperature is reached at the 
tuyere, where a blast of air at some temperature is forced into 
the "bosh 11 zone of the furnace. This blast may be augmented by 
the addition or injection of O?, CH*, fuel oil, .powdered coal or 
other supplementary fuel. The blast will contain some moisture 
either from atmospheric humidity or due to steam Injection* The 
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Fig. 6.2-2 Adiabatic flame temperatures for combustion 
of natural gas with air. 


blast reacts with coke which continually enters the tuyere zone 

move. The temperature of the flame pmauv a J fuel and 

vated temoeratures between the coxe, ine . j 

the o OT er control, the rete cif he. 1 h S n »e n o he pro 

duct of reduction in the shaft of the Turnace, ^ an 

controls the overall production rate. poS£ible under 
ideal temperature, n . i observations have shown its 

«f S ol S nSs. C °teve"®; »ip!Sr progne. to deplete the ftFT for 

various blast conditions* 


Solution: 

Reactions: 


U'- v--:-':L ~imCA 

'-00 S'-Tli'A WrAf^lA 
Sif^'CA'AC^ C ■£. 


C + 1/2 0 2 = C0 
H 2 0(g) + C * CO + B 2 
= CO + 2H ? 


Ca) 

(b) 


CH,(g) + 1/2 0 2 = LU - an 2 


U) 


i[ An excess of C prevents any C0 2 from forming. 

































and energy balance calculations in metallurgical processes 
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Known or assumed conditions* (May be read in as input to 
puler program.) 

Hq * \ 0* at T blast 

v z z z 


n - fi or n , at 253 K, 
gas oil coal 


a com- 


Coke at T 


coke 


Reference Temperature: 

The simplest reference temperature is 298 K since aH r for 
reactions (a), (b) and (c) are easily found The diagram for the 
adiabatic flame temperature calculation would then be. 



or for any instant of time* 

AH] + + E ^H,298 + fiH 3 = 0 


The procedure used to determine the AFT is outlined below: 
1. Read in moles 0 Z , N z , H ? 0 in the blast per minute, 


n N 2 ’ n H 2 0‘ 


2. Read in blast temperature, Tg, and assumed coke 
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temperature, Tq. 

3 . Read in rales 0 2 , CH 4 , C injected at room temperature per 

« I . t * I 

minute 9 n CH^’ n C‘ " 

■ 4 _ compute bosh gas (reaction product) composition (assuming 

excess C) 

0 2 balance: 


-t 


n CQ (in bosh gas) = 2 n 0 + ^ 0 + ^ 


K 2 balance: 


n N (in bosh gas) = 


balance: 


n y (in bosh gas) = n H 0 + 2 n^ (injected) 
2 ^ 


5 . Compute carbon consumption 


n (moles coke carbon burned at tuyere)=n^g-n^ n 


CH ■ 




6 . Compute blast enthalpy: 
298 


293 


AHl = n Q ^ 


C dT + n K 


C dT 


m 


S- 


I 


293 


+ n 


H 2 0 


C dT 

p h 2 o 


B 


7. Compute coke enthalpy: 

298 


AH 2 - n c 


Cp r dT 


coke 


8, Compute heats of reaction: Ah R ^93 ” 

<"c + "c - ^H,0 ),AH R(a),298 + "H O' AH R( b) ,298 + "CH * AH R(c) ,298 
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Compute the enthalpy of the bosh gas: 

_ ... - - -*4 R) 2SB 


- &H- Hr + IAKc 


10- Compute the enthalpy function for the bosh gas from heat 
capacity equations: 


AFT 


AH, 


[n c 0 (a+bT+cT " 2 ) C0 + n H ? ‘( a+bl+cT ^H 2 + n $ 2 ( a+bT+cT 


'N 


298 

- (\0 a C0 + ^ 2 a H 2 + ^ 2 a K 2 ^ AFT - 298) + (n C0 b C0 +n H 2 a H 2 +R N 2 b K 2 ) 


.(AFT 2 - 298 Z ) - (n co c CQ + ^ ( AFT “ A 1 


=_ A( AFT - 298} + B( AFT 2 - 298 2 ) - C(-^ - 


2 

1/2 


= A(AFT) + B(AFT ) 2 - C/AFT + D 


* * * 

11, aH 3 is then equated to a -{AH 1 + aH 2 + eaH r 2gg ), 

Since the resulting equation is not a linear or quadrat: 
equation, the solution is foupd most easily by an 
iterative procedure: 

(a) Let the B and C terms = 0. 

(b) Solve for AFT^ = (aH 3 - D)/A. 

( C ) Calculate B(AFip 2 and C/AFT^. 

(d) Solve for AFT = (aH 3 - D - B(AFT ] ) 2 * C/AFT^/A- 
f P l Compare AFT and AFT.. If they are within some ‘pre 

le ' S° e 5rled Unit, sich u 1 K, then An h« b« 

found. If not, set AFT = AFT-j and return to step 

(d). 

the flow chart for this caloolatioh is grtfn in Fig 6 2-4 and^ 

Fig. 6.2-5 gives some typical results for a biasc 
tion. 

























Steps 

1 , 2 , 3 

4, 5 


5 

7 

8 

9 

10 

11a, 11b 


11c, 71d 


lie 


Fig. 6.2-4 


forth^T" f ° r c ° mpLjter Program to calculate AFT 
or shaft furnace burning cofee. 
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I . = 2B0Q°F 

coke 



Air Blast Temperatiire* TB, q F 


Fig. 6.2-5 Adiabatic Flame Temperature for a blast 

furnace with coke entering the reaction at ' 
280Q°F, and with variable amounts of moisture 
in the air. 

EXAMPLE 6.2-3: Vanadium is produced from its ore by reducing the 
oxide, with Ca metal in a 11 bomb 0 reactor, according to 

5Ca 4 V 2 0 5 -* 5CaO + 2V (I) 

In order to absorb some of the excess heat evolved in this reac¬ 
tion, SiCU is added to the stoichiometric reactant mixture. This 
Si02 combines with CaO to form a silicate:*" 
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Em'aT EBIAL 

CaO + S i 0 2 = Ca0‘Si0 2 (2) 

IE Si0 , are added to the original stoichiometric mix. 

ra^nd VpOc, per mole of V 2 0g, ca '■ col ate the adi_abatic te ac ^ 
c- Ca “tuLof the products. The initial temperature o, all 
t6 Ictarts is 29S L Ignition is by a spark with little energy 

^content. 


f 

on 


: : Datai 


c 

|-L 

T 

m 

AH . 

fusion 

formation, 298 

— B— 




cal 

46.5 mol *K 



-371 ,800 cal/mol 

5.2 

6.5 

1860“C 

3500 cal/mol 

0 

11.8 



-151,900 

12.0 

2600°C 

19,000 


11.2 



-203,400 

13.4 

1713°C 

3600 


26.4 



-378,600 

27.0 

1540°C 

13,400 



Cats) 


5,3 


fc. ■ 


s ^ 


Since the' heats of formation of all of the products 
°ni r »c«n« Sr £ Sow at 298 K, this Isa convert refines 
temperature. As a basis for the calculation use-1 mol V 2 0 5 . Tne 
heat of the reaction at 298 K is thus 

5Ca(s) + V 2 0 5 (s) = SCaO(s) + 2V[s) 

4H R ^ = 2 tH° f)Vi298 + 5 jC aO,298 " iH f,V z 0 5 ,298 " 5 tH f,Ca,298 

= 2(0}+ 5 (-151 ,900) - (-371,800) - 5(0) 

= -759,500 + 371 ,800 
’= -387,700 cal 

, In addition /'the 5 moles of Si0 2 added to the mixture fom a slag 
with the CaO in the reaction production. The neat effect 
this reaction is approximated by the heat of formation o a 

from CaQ and SiCU: 


energy balances 


ah 


R,(2) = 5iH f,Ca0-Si0 2 ,298 ' 5tH f,Ca0 " 5iH f,SiO R 

= 5 (-378,600) - 5 (-151,900) - 5 (-203,400) 
= -116,500 cal 

= -387,700 - 116,500 = -504,200 cal 


EiH R,298 

The reaction products at 298 K, are thus 

2 mols V(s) 

5 mols Ca0*Si0 2 (s) 

and they have to absorb a total of 504,200 calories. 

The temperature reached by the products J ^ S, "S 

the temperature of all of t ®ttiLsystem enthaloy increment equal 
system enthalpy increment, until a sys L em enunai.j 

to 504,200 cal, is found: 

H 29i? 


Product 


n x 


AT = CH I ■ H 29S ! 


l [H 


C„ X A l '? 

P _ _£- 


Up at. to T = 1540°C : 

V(s) " 2 x 5.2 X 1515 = 

Ca0-Si0 2 (s) 

Melt the Ca0-Si0 2 at 154Q°C : 
Ca0-Si0 2 (t) 5 x 13,400 

Heat to 186Q°C: 

V(s) 2 x . 5.2 x 320 = 

Ca 0 -S, 0 2 CO 5 . * 27 -° X M ' 

Helt the V at 18SQ°C_ : 

,(t) 2 » 3500 

tout tn 2400°C : 

. . f. c v 540 = 

v(0 2 * 6,5 

r 97 (1 X 540 “ 

Ca0*Si0 2 (O 5 * 2 * 

(continued) 


15,756 


5 x 28.4 X 151 5 . 199^980 


67,000 

3,327 

43,200 

46,528 


215.736 

282.736 


7,000 


7,020 

72,900 

'79^920 


329 ,264 
336,264 


416,184 
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2 x 6.5 x 500 

0 z (fc) 5 x 27.0 x 500 

to 3QOO°C : 

2 x 6,5 x 100 

162(0 5 x 27.00 x 100 


6,500 

67,500 

74,000 


1,300 

13,500 

14,800 


490,184 


504,984 


The ART is therefore close to 3000°C S and easily can be found by 
phing the last two data points. 


R, 298 


H 298 ^ 


2600 2700 2800 2900 3000 


This example, besides illustrating how to find an adiabatic 
reaction temperature, also illustrates that such metallothermic 
reactions can result in very high temperatures! If they are 
rapid, very little heat loss can occur and these theoretical tem¬ 
peratures may actually be approached. In order that such a tem¬ 
perature as the one above is not reached, which would be very 
dangerous, additional inert material must be added which will 
absorb heat but not participate in the reaction. In this case, 
adding more Tire (CaO) and sand to the mixture would provide addi¬ 
tional slag, which would absorb much more heat than it would 
liberate when it is formed, resulting in a lower adiabatic reaction 
temperature. 


t 

: 


2S6 
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6,3 ELECTRICAL EMERCY 

Many metallurgical processes utilize electri 
source. Examples i - *" 1 ~ - 

furnaces, arc melti 
remelting furnaces 



In these cases the electrical energy utilized in^he^proe^ C ^l s 
be included in the energy balance. Referring to the st ****1 muS ^. 
the First Law given by Eq. 5.2-41, statement of 


dH - 6q - ow - 


(5-2-41’ 


The term 6w* is the non-PV work done bv_ the system. If electrical 
work is done on_ the system, 5w is negative and the equation be- — 
comes, for a steady-state process, 

4m i h i = Sq - (-6w*) (6.3-1X 

Now the electrical work done on the system must be added to the 
h eat transferred to the system as an energy input i n an enernv^nr' 

heat balance. 

6.3,1 ELECTRIC POWER FUNDAMENTALS 

Electrical power, P, is the work done by a steady current of 
one ampere flowing for one second under the driving force of one 
volt. 

P'l’V (6.3-2) 

The product of volt*amperes is called the watt . Power is also the 
rate of doing work or absorbing energy , so that the energy ab¬ 
sorbed by a process is the product of the power times the interval 
over which it is applied: 

Energy = Power x time (6,3-3) 

The watt-hour or kilowatt-hour (abbreviated kwh) is the usual 
measure of electrical energy. 

Power calculated using Eq, (6.3-2) is the total power pro¬ 
vided by electricity. In a direct current system' it is also the 
power which is converted to thermal energy, since the power that 
goes to thermal energy is given by 

P = I 2 R (6.3-4) 

where R is the pure resistance to current flow of the current path 
The amount of heat created at a particular location by a current I 
flowing through a circuit will, therefore, depend on the resist¬ 
ance of the conducting path at that location. 

If the electricity used is alternating current, the voltage 
and current fluctuate f tires per second; f = 60 cps (60 Hertz) 
in most U.SI supplies. The current is then given by 
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* 

I ■= I max cos (2irft) (6.3-5) 

^ the voltage varies according to 


v = V max cos 


{6.3-6} 


• _ *ffpctive current (r-m-s current) in sc system is then found 
■ b y e averaging the current, and is 

S- : I r o 707 1 (6.3-7) 

1 u * /u/ A max 


.•and the effective voltage is 


V = 0.707 V, 


max 


(6.3-8) 


I and V are the values measured and indicated by ammeters and 
voltmeters connected to ac circuits. 

In terms of effective current and voltage, the total power 
into an ac system is 


P = VI 

and the power converted to heat in an_ ac system is 

P = I 2 R 


(6 * 3*- 9) 


(6.3-10) 


where R is the resistance of the current path to current flow. 

In addition to pure resistance which impedes current flow 
and causes heat generation according to Eq. (6.3-10), another 
impedance to current flow in ac electrical circuits is iinductance ^ 
X. Inductance arises when an ac current passing through a con¬ 
ductor sets up an alternating magnetic field around the conductor. 
The changing field, in turn, induces a voltage in any adjacent 
portions of the conducting path. This induced voltage, however, 
is opposite in sign to the primary voltage and the net result is 
a decrease in the effective primary voltage, equivalent to an 
increase in resistance to current flow, but without the afreet Oi 
causing additional I 2 R heating. Since the voltage initially pro^ 
vided to the system has thus been effectively decreased,.the^wait^ 
that are available to be converted into thermal energy via I 
heating are also decreased. Therefore, in order to evaluate the 
thermal efficiency of an ac electrical system, the relationship 
between the initial power put into the system and the watts avail¬ 
able to produce heat must be known. The relationship is 

(Available Thermal Watts) = V*I*{Power Factor) (6.3-11) 

in an ac system 

where the Power Factor is a measure of the amount of inductive 
impedance in the electrical system. Tne power factor is exp res se¬ 
as cos 6, where e is the anql^ between a vector representing the 
total impedance, Z, in the circuit, and the resistive component 
of impedance, Z R . The total impedance, Z, equals 
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Z = 



+ It 


(6.3-12) 


where Z T equals X 3 the inductive impedance, and Z R equals R, the 
resistive impedance. Z^ and are vectors right angles to 
each other on an impedance diagram. 


X = 



From this diagram, it can be seen that cos 0 Is Zr/Z. or the ratio 
of pure resistance to total impedance. St nee th ermal energy 
nniv prnduced by resistive impedance. 


Available Thermal Watts = V-I-cos e 


(6.3-13) 


When the resistive component is zero, 6 = 90 , cos a 0, ^ n ^. n ? h . 
heating occurs. When no inductive impedance is present in 
ystemt = 0°, cos 6 = 1, the power factor is 10 an a of the 
n^r into the system, V-I, is available for production o. I R 
watts However/ virtually all systems have some inductance. Thu 
the "person making a heat balance must know the power factor 
the system. 

In most applications, the principal exception being electro 
lytic cells for electrowinning or electrorefimng, e . 

wnrk is Dut into the system by converting the electrical ene gy 

IT 

they minimize 


As used in metallurgical systems, however, the eTectncal 

energy is usually at a relatively low voltage and.h_ gh 2 cu 


er ,prqv is usually at a relatively low voltage ana niy 2 The 
resulting in high conversion to thermal energy ( 9 \?' f re 

high voltage received from the transmission « 

be'converted to low voltage by means of a thermal 

the plant. The step-down results in some losses, cot 

*nH inductive. 
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MAT£ rial 


jgjjb a" energy balance. 

Pi ''•» ? ELECTRIC ARC FURNACES 

—- 

- Electric arc furnaces utilize 3-phase ac power which enters 
i the furnace from the secondary circuit via carbon electrodes. 

: The complete circuit is shown in Fig. 6.3-], The metallic charge 
\Ti the furnace is grounded, so the current passes through the air 
a p between the tip of the electrode and the metal, creating an 
H ar e because the resistance of air is much higher than the resist- 
' ance of any other component in the circuit. Thus, most of the 
vnl taae drop in the system is across this arc and most of the 
rfpctricai energy is converted to thermal energy in the arc . The 
'Resistance of the arc "depends on its length and on the nature of 
the charged gases and vapors in the arc gap. Unfortunately, 
during the rneltdown period when the electrodes are burning down 
through a pile of scrap, the arc length changes often and suddenly, 
and results in extreme changes in the current flow. 3n order to 
minimize the adverse electrical effects of these fluctuations, an 
inductive reactor is built into the circuit for arc stabilization. 
The inductive reactor works by building up inductive impedance to 
current flow when resistive impedance decreases due to sudden 
decreases in resistance, such as when an electrode touches a piece 
of metal in the charge. If Zj is increased when_Z^ is decreased 
then Z will stay relatively constant, and V and I will also stay 
at steady values* This makes life much easier for power companies* 
However, this increases the inductive reactance of the circuit 
itself, reducing the amount of initial power than can be converted 
to thermal energy for melting. 

The voltage applied to the secondary circuit is controlled by 
the choice of tap on the transformer and is fixed at the level 
chosen. The current is controlled by varying the resistance of 
the circuit* This is done by moving the electrodes up or down to 
vary the arc length until the current giving the optimum power 
input is reached. If the arc length is longer than the optimum 
length, the arc voltage will increase but the current will fall in 
greater percentage, so the arc wattage is less. .Conversely, if 
the arc is shorter than optimum, the current rises, but the arc 
■voltage drops even more, and again the arc wattage is less. 

Power and energy consumption are measured in several ways. 

The kilowatt-hour meter, which gives the total power (V*I) into 
the system, is connected ahead of the step-down transformer using 
primary voltage and current transformers, It is usually a poly¬ 
phase meter, totaling all of the energy put into the transformer 
via all three phases, and it is the basis for calculating energy 
cos ts. 

The secondary voltage, between each phase and ground, is 
usually measured'as close to the electrodes as possible, as this 
is^the current flowing in each' electrode circuit. There is also a 
wattmeter connected to each secondary phase which gives a closer 
measure of the actual instantaneous power delivered to each 


After step-down, the electrical energy reaches the process., 
is usually the point at which the metallurgist starts to 
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Fin. 6.3-1 Electrical circuit for elettric arc furnace. Only one phase of a three-phase circuit is shown 
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a , in kilowatts. If a poly-phase wattmeter is used, its ' 

ele j n mkv be divided by three to obtain the average power being 
jeered to each electrode. 

Since there is some inductance in the circuitbetween the 
■ --t wh p re the wattmeter is connected and the arc* the power 
f-ltor is less than 1.0. It has been suggested by Schwabe that 
>h_ power factor be determined by clipping electrodes into the melt* 
thereby eliminating the arc and its pure resistance from the cir- 
nt and leaving only the inductive and resistive impedance in the 
of the circuit. Simultaneous readings of the watts 3 voltage 
■L-amperage under these short circuit conditions* will allow cal¬ 
culation of cos 0 via Eq. (6.3-13). Then when the arc is present* 
the watts being put into the arc* creating thermal energy, can be 
calculated from the voltage and current readings made when the 
arc is present* since cos 0 is known. 

EXAMPLE 6,3-1: The following readings are obtained when the 
electrode in an electric arc furnace is dipped into the liquid 
.metal bath: 

Primary current = 792 A 

Primary voltage = 5000 V 
Primary wattmeter = 1.303 FM 
Calculate the short circuit power factor. 


Solution: The short circuit power factor is found using Eq. 
( 6 . 3 - 13 ): 

a - watts = 1 ,303,000 

TT 3,810,000 

cos 0 = 0.342 = power factor (34.2£) 

(Note that e * 70°) 


The maximum power input rate to the arc is achieved when the 
arc length is adjusted so that the electrical resistance of_the 
arc, Z^ s is equal to the impedance of the rest of the circuit, Zj, 
found under short circuit conditions. In an electrical circuit of 
constant input voltage, constant impedance and variableresistance, 
such as in an electric arc furnace circuit, the locus of all pos¬ 
sible current vectors lies on a semi-circle derived as described 
below and shown in Fig. 6.3-2, when circuit amperes is plotted 
vs. volts. if" 


* W. E. Schwabe, Iron and Steel Engineer, June, 1954, p. 87. 
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Figure 6.3-2 Vector diagram to determine optimum current. 


0 , obtained from short-circuit conditions, is used to 
locate the vector OAi, of length equal to the current under short- 
circuit conditions. A]. A line perpendicular to 0 A] is drawn from 
Ai intersecting the current axis at Aj. Then the semi-circle of 
radius A 2/2 is drawn. It is the locus of all possible current 
vectors for that circuit. The current at maximum arc power is 
found when the vector OA 4 is drawn at S/2 angle. This value of 
e /2 becomes the angle whose cosine is the power factor at optimum 
operation. In many cases, the optimum angle is 38° and the^opti¬ 
mum power factor turns out to be 0.79, or the ratio of available 
watts for arc heating to total electrical watts, is 0.79. 

EXAMPLE 6.3-2: For the electric arc furnace in Example 6.3-1, 
find the optimum power factor, the current at optimum conditions, 
and the amount of electrical energy converted to thermal energy in 
the arc, if the furnace is operated at optimum conditions. 

Solution: The optimum power factor for this system is at '1/2 of 
the short circuit angle, 0/2, or 35°, for which the power ^aci-or 
cos e, is 0.82, Ai = 792 Amps, Constructing the vector diagram, 
A? = 310 amos and the optimum current vector, OA^, drawn at an 
angle of 35 % results in a vector of length corresponding to an 
optimum primary current of 470 Amps. 

The thermal power produced by the.arc at optimum conditions 
(tap still at 5000 volts) would then be 

Available Thermal Watts s (5000)(470)(0.82) 


= 1.927 megawatts 
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810 * A 2 


or, if applied over a period of one hour* 

<5w* = 1927 kwh 


I, Amps 


200 400 470 600 


During meltdown, most of the heat generated in the arc-is 
absorbed by the metal (scrap) charge, because the electrodes "bore" 
through the loose scrap and the radiation from the arc "sees" only 
metal charge which absorbs all the radiation. As the amount of 
metal melted increases and a molten pool is formed, more and more 
of the arc radiation misses the metal charge and strikes the 
furnace wall instead. Although this wall reradiates some energy, 
some is absorbed and lost by conduction through the wall. The 
amount lost increases in proportion to the increase in temperature 
of the melt. When a flat bath has been achieved, with any un¬ 
melted material under the surface of the liquid metal, the arc 
radiation to the walls and roof becomes intense, because of reflec¬ 
tion off the surface of the bath as well as direct radiation. 
Therefore, the efficiency of heat transfer from arc to metal bath 
decreases as meltdown proceeds. 


792 900 


Fig. 6.3-3 illustrates this concept, along with the idea 
there is a maximum bath temperature, T w , that can be achieved 
nfinite time, when the energy in via the arc just 
the heat losses through the furnace walls. The thermal 
efficiency decreases as heat losses increase. Since heat losses 
are time dependent, this provides an incentive to put electrical 
energy into the furnace as fast as possible in order to bring the 
metal charge to the tapping temperature rapidly. This is the 
incentive for the development of ultra-high power (UHP) electric 
arc furnaces. Fig, 6-3-4 compares the time-temperature profiles 
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Figure 6,3-3: Time-temperature profile in an electric 
arc furnace. Temperature of charge 
approaches a limiting value, T w , depending 
on the rate of power input and the heat 
losses from the furnace. 


of regular power (RP) and UHP furnaces, and Fig. 6.3-5 shows the 
range of power input levels in industrial use. 


For a typical regular-power arc furnace, melting steel, the 
■energy balance, based' on power supplied to the primary side of the 
furnace transformer, would be 


W* + AH , - AH , ,, . + aH, + i 

exothermic • endothermic loss phase 


^T.product’^ga 5 


reactions 


reactions 


Energy In MJ/metrtc ton 

Energy Out MJ/metric ■ 

Electrical Energy 

1,934 

Melting & Superheating 

1,381 



Metal 


&H{carbon oxidation) 

119 



&H(silicon oxidation) 

48 

Melting Slag 

.. -120 

AH(iron oxidation) . 

52 

Electrical Losses (18*) 

358 

AH(electrodes burning) 

10 

Keating Infiltrate Air 

245 


and Process Gases 


Total 

2,213 

Thermal Losses (10*) 

199 



Total 

2,213 
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Figure 6.3-4 Comparison between regular power (RP} and ultra-high 
power (UHP) electric arc furnace time-temperature 
profiles. 


Energy efficiency may be expressed in a number of ways; 

(!) based upon energy contained only in the desired product; 

(2) based on energy contained in product and unavoidable associated 
phases such as slag and process gases; (3) based on all thermal 
consumption (little of which is avoidable due to the nature of 
heat flow): each of the above may be made relative to either 
(a) the electrical energy in or (b) the total energy in. In the 
present case, therefore, the energy efficiency could be said to be 
any of the following: 


Case Efficiency 


U)/(a): 

(1,381)/{1,984) 

_ 

69% 

0)/(b): 

(1,381)/(2,213} 

= 

62% 

(2)/(a): 

I-’ ' {1 ,746)/{I ,984) 

= 

88% 

£2)/(b) : 

{1 ,745) /( 2,2-1 3} 

= 

79% 

(3)/{a) : 

(1 ,945)/{1,984} 

= 

98% 

(3)/(b): 

(1 ,945)/(2,213) 

= 

88% 


tcoo 


400 - 


•F *C 

5000- 


4000- 


*400 


2000 * 


*000 
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Clearly, great care must be taken in defining energy efficiency! 


kW/ 



Figure 6,3-5 Range of power input levels found in regular and 
ultra-high power electric, arc furnaces, (Ref. 
Schwage, J, Metals) 

6.3,3 VACUUM ARC REMELTING FURNACES 

The power into vacuum arc remelting (VAR) furnaces, Fig. 
6 ,3-6, is measured and calculated in a manner similar to that for 
an electric arc furnace operating in air, except that usually it is 
direct current (dc). In this case the ac high voltage power into 
a plant must be rectified (using silicon rectifiers) to produce 
direct current, after having been dropped in voltage through a 
transformer. Therefore, there are still electrical losses associ¬ 
ated with the transforming and rectification process. 

However, energy supplied to the arc is more easily deter¬ 
mined, since the power factor relating current, voltage and kilo-_ 
watts into the arc is 1.0 for dc, if the electrical paramete rs are 
measured at the furnace. 
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^ tE B!AL AND ENFHU 

distribution of electrical energy in the system is 
* from that in the air melt arc furnace, however, because 
tEiif ferervc ,£ e the heating of the arc results in considerable 
S-jn this ca d , rectlv t0 the water-cooled mold, which absorbs this 
I rad-'s'-icn t subsequent reradiation,■ and with large loss of ener- 
<* er f s illustrated in Fig. 6.3-7. 

& igy* 

fc 



Figure €.3-7 Distribution of energy from VAR arc. All energy is 
removed, ultimately, by cooling water. 
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6,3,4 ELECTROSLAG RE MELTING FURNACES 

In electroslag melting (ESR) , either ac or dc power 
used. In this case the heating is caused by the res is tan ^ 
slag, and no arc is involved. However, since the slag i s Ce Df t3le 
tact with the walls and is at the highest temperature in th= C ° n ~ 
tern, some of the energy put into the slag, is los^by^" 

radiation from the slag surface up the annulus between the elec¬ 
trode and the water-cooled mold, some to the water-cooled mold" 
wall above the slag, and the rest by conduction through the sla n 
or the ingot to the cooling water, as illustrated by Fig, 5 , 3,3 
About 50% of the heat energy produced by the I^R heating of the"' 
slag is lost by radial conduction through the slag to the wall* 


In this case* the over-all heat balance will not reflpct hnw 
the process operates at all * The only input will be electrical " ' 
energy, and the only outputs will be radiant Tosses to the sur¬ 
roundings, an increase in the heat content of the cooling water, 
and a slight amount of heat still in the ingot when it is removed! 


Again, the heating of the slag is caused by passing a very 
large current, 10 3 - 10 ^ A, through it, and using a slag compositon 
that will result in a high resistance. The I^R heating for this 
process is usually in the neighborhood of 4,750,000 kJ/metric ton, 
while the enthalpy needed to melt the electrode is approximately 
1 ,580,000 kJ/metric ton, so about 67% of the energy put into the 
furnace as I^R heat goes di rectl.y to losses by radiation or con- 
duction,. 


However, the process would not work any other way, and 
since the refining it performs is necessary, its low energy 
efficiency is tolerated. 


■i 




Figure 6.3-8 Schematic representation of an electroslag furnace. 
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notice that the heat of fusion (aH m ) of the electrode is 
’ letely recovered as heat of solidification (-AH m ) in the ingot, 

C °d the heat of fusion of new slag continuously added from above 
? n reco vered as heat of solidification of the slag along the mold 
^allSi resulting, as mentioned above, in a typicaL overal 1 heat 
h a lance of: 


r yrqy In (MJ/metric ton) Energy Out 

Electrical Energy 4 } 75Q ^cooling water 

u 1 

h radiation losses 


AH ingot 


Total 


(MJ/metric ton) 

3,950 
600 
200 

4,750 


6-3.5 INDUCTION MELTING AND HEATING FURNACES 

Induction melting is based on the process of passing electri¬ 
cal current through a coil which causes a magnetic field to be 
formed* This field, in turn, is made to pass through charge 
material or molten metal and In turn induces a current to flow in 
this material, as illustrated in Fig. 6.3-9. 

Since a current flowing in a conductor tends to concentrate 
near the surface, the first part of a piece of solid material to 
be heated in the magnetic field will be the surface, with subse¬ 
quent heat conduction toward the center. The effective resistance 
of the piece of material is proportional to its size and its- con¬ 
ductivity and the frequency of the ac field according to: 


df 


1/2 


1/2 


(6-3-14) 


where d is the diameter of the piece, f is the frequency^of alter¬ 
nation of the field, and o is the conductivity of the piece 1 . 


The average value of the induced current I is similarly 
related to geometric and other parameters according to: 


I 0 f 


1 (R 2 + (2TrfL ) 2 ) 1/2 


(6.3-15) 


where I Q is the current in the induction coil'and L is the self- 
inductance of the piece. - 
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Thus, the inductive transfer of electrical energy from an in¬ 
duction coil to a charge of metal pieces in a crucible is depend- 
ent on a great many factors. For example, a high conductivity 
metal, such as copper, is hard to Induction heat because it doesn't 
offer "much resistance. The product of the diameter times the 
■frequency is also important, and is the reason why small diameter 
particles require high frequency for melting. On the other hand, 
once a charge is molten, the only energy needed is that necessary 
to replace heat losses, which are relatively small. Therefore, the 
energy efficiency of an induction melting process is, in many 
respects, the opposite of that of the electric arc furnace,.being 
low when the charge is cold and improving with time. A typical 
energy balance on an induction furnace melting a cold steel charge 
to produce a heat of molten steel which is then tapped from the 
f urnace would be : 


Energy in (MJ/metric ton) Energy Out (MJ/metric ton] 


Electrical Energy 

2,000 

Melting and Superheating 
Metal 

1,381 



Electrical Losses due to 
Inductive Reactance, and 
Coupling Inefficiency 

370 



Electrical Transmission 
Losses from Supply to 
Furnace 

94 



Heat Losses 

155 


2,000 







































6,3.6 ELECTROCHEMICAL PROCESSES 

Electrochemical techniques are sometimes used to produce 
petals from their ores, to refine metals, or to plate metallic 
coatings onto substrates. In all of these situations, electricity 
is passed from an anode to a cathode, accomplishing an oxidation 
reaction at the anode and a reduction reaction at the cathode. 
Furthermore, in all cases, the cathode reaction involves reduction 
of the^desired metallic element, M, from an electrolyte solution, 
according to a half-cell reaction such as 


M nH 


+ ne“ 


H{s) 


The electrolyte may be either aqueous or an inorganic salt. 
An example of the latter would be fused cryolite (f^AlFg) used in 
Hall cells for aluminum production, into which AT 2 O 3 in the Hall 
cell is dissolved. The .cathode reaction in the Hall cell is 


Al +3 + 3e‘ 


Al(l) 


The anode, reactions vary, depending on the process. In the 
case of electro-refining, the anode material Is the impure source 
of M and the anode reaction is 


M - M n+ + 


ne 


In the case of electrowinning, the metal M enters the cell in the 
electrolyte as M fl+ ions, so that in order for a current to flow 
fnjjm the anode to the cathode and there accomplish reduction of 
M from solution, the anode reaction will Involve the electrolyte 
itself. In aqueous systems, the anode reaction is 



I 2 0 - 2 H* + 1/2 0 2 (g) + 2 e" 


and oxygen gas is evolved on the surface of an Insoluble electrode 
such as lead which serves essentially as a current carrier. 

In the case of aluminum, the oxygen ions in the cryolite 
participate in the anode reaction at the surface of a graphite 
electrode; 


C + 2(0) 2 " - C0 2 ( 9 ) + 4e" 
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In an electrowinning or electroplating cell, (Fig. 6 . 3 -Hl 
the sum of the reactions might be, ' ' ’ 


H 2 0 = 2H + + 1/2 0 2 (g) + 2e" 
IV 2 + 2e" = H(s) 


M +2 + H 2 0 = 2H + + 1/2 0 2 (g) + M(s) 


In an electrorefining cell, the reactions are 


M(s,impure) -* M n * + ne* 
M n + ne ■+■ M(s,pure) 


M(s,impure) M{s,pure) 


It is beyond the scope of this handbook to go into a detailed 
discussion of. electrochemistry, but for purposes of making energy 
balances on electrometallurgical processes, it is important for 
the reader to know that there is a voltage drop, E cell , that is 
required by thermodynamics in order to carry out the desired reac- 
tions^under perfect conditions, Associated with each of these 
reactions is a change in the thermodynamic function called the 
Gibbs Free Energy, AG S of the system*. aG is related to the volt¬ 
age drop across the cell when the reaction is taking place very 
slowly (i.e.j reversibly) by 

aG ce 11 = “ n F E C ell 

where F is Faraday's constant, defined in Section 1.5. E ce]1 can 
therefore be - determi ned from thermodynamics and a knowledge of the 
reactions taking place and represents the voltage that must be 


* Consult any standard thermodynamics textbook for the definition 
of the Gibbs Free Energy. 
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Figure 6,3-10 Schematic diagram of Hall cell for alumina 
reduction to aluminum. 



Figure 6.3-11 Schematic diagram of electrorefining and electro- 
Winning cells. 


ENERGY BALANCES 

applied to the cell to cause the reactions to take n i a „ , j 
ideal, reversible, conditions. place under 

A number of other factors, however, enter into the cell unl + 
age requirement. As the current density is increased, since th» 
electrolyte is an ionic conductor, there is a diffusive motion n- 
cations toward the cathode and anions toward the anode If th 
rate of reaction is faster or slower'than the ion transport rat P 
there will be a build up or depletion of Tons in the electrolyte 
near the electrode surface, relative to the bulk composition with 
the result that there is a change in the over-all cell voltage bv 
an amount V c , the concentration overootential . as shown in Fig. 6 * 3 - 1 ; 

This concentration polarization increases as current density 
increases, and in the extreme, limits the current density that can 
be applied to the cell. 



Fig. 6,3-12 Current density voltage relationship 

Other overpotentials will be involved, such as those associated 
with activation, crystallization, oxide formation-on an anode, or 
gas evolution. The sum of concentration and all other overpoten¬ 
tials is the cathode or anode overpotential, V th de and V anode , 
as shown on Fig, 6.3-12* 

Finally, there is the ohmic resistance to current flow 
through the cell itself (electrodes plus electrolyte) that causes 
£n I^cell v °i ta 9 e drop, R ce n depends on'the resistance of the 
electrolyte and can be decreased by various additions to the 
electrolyte and/or control of pH. 

The total voltage required far a cell is the sum of the 
various contributions above: 
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^ce 11 ^ceV 1 + ^cathode ' ^anode * ^cell 

In the commercial operation of an electrowinning, electro-refining* 
or electrodeposition plant, the AC electrical energy is provided 
by the utility at high voltage. It must be transformed to the 
lower voltage needed and rectified to DC for use in electrolysis. 
From the rectifier the high current flows to the electrolytic 
cells. This is illustrated schematically in Fig, 6,3-12, 


transformer 



cathode bus 
^^electrolyte 
anode bus 

cathode bus 

lectrolyte 
anode bus 

cathode bus 
electrolyte 
anode bus 


anode 


Figure 6,3-13 Schematic of three cell electrolytic circuit. 


From the standpoint of energy efficiency and energy consump¬ 
tion, there are the usual induction and resistance losses from 
the utility to the rectifier. Beyond the rectifier, only resist¬ 
ance losses are involved, since there are no inductive losses in 
DC circuits. In order to minimize these losses, which obviously 
could be large since the currents can run into the tens of thou¬ 
sands of amperes, the bus bars are made of the lowest resistivity 
(p) material available, copper, and the cross-sectional area, A, 

i>L 

is made as large as practical, since R^ us = * 

The power used by a single cell is IV ce ^: for a series of 
n ce1U ’ V totaf = [ V cel 1 and the P° wer is PtotaV 
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As mentioned in Section 1,5, 1 faraday is equivalent to one 
mole of electrons or 96,500 coulombs of electricity. The current 
efficiency, e c , of an electrochemical process is defined as the 
ratio of the amount of metal actually deposited to the amount 
that could be theoreti cal ly deposited by the current supplied to 
the cel 1: 


qms-metal i n 


MW 

I-t ~ 

96,500 


, gms-metal i 
1 cell ; 


96,500 


I-t-Mif 


where t is in seconds* 

The electrical energy consumed is 

(watt-hrs) = I ■ v ce li ' t 

i 

where t is in hours. 

The specific energy consumption per gm-mole of metal pro¬ 
duced is 


(kwh/gm-mole) 


I - V ce n * t * n * 96,500 
I-t - G c ’T“100Q 


or 


kwh 


gm-mole 


v ce11 


n ■ 0,02681 


a. 


In terms of lb-moles, 

12 * 16 n V cel1 

Electrical Energy, (kwh/lb-mole deposited) = ——— 1 

c 

Some representative cases are as follows: 


Process 

E,volts 

n 

e c 

kwh/lb-mole 

kwh/1b 

Zn electrowinning 

"3.5 

2 

,-0.90 

94,58 

1.45 

Cu electrowinning 

"2,5 

2 

“0.85 

71,53 

1.12 

Cu electro re fining 

"0,3 

2 

"0.95 

7.68 

0.12 

A1 electroreduction 

"4,5 

3 

“0.85 

. 193.0 

7.1 


EXAMPLE 6.3-3: The Hall process for electrolytic production of 
aluminum is based on the reaction- 
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2 A1 2 0 3 + 3 C -*■ 4 A1 + 3 C0 2 

However, sore CO is produced as a result of the parasitic back- 
reaction -— 

2 A1 + 3 C0 2 * A1 2 0 3 + 3 CO 

If all other side reactions can be neglected, and the gas escaping 
from the cell is 88 * C0 2 and 12 * CO, what is the current efficiency? 

Solution: The reaction can be written 

2 A1 z 0 3 + 3C + (4-2x) A1 + (3-3x) C0 2 + A1 2 0 3 + 3x CO 


The gas emitted by this reaction will have a composition 

ratio 


In this case 


CO _ 

3x 

X 

co 2 

3-3x 

■ Px 

x 

>32 " 

. JI¬ 
BS 

= 0.136 


x = 0.119 

The current efficiency can be expressed as the ratio of Ai really 
produced to the theoretically possible A1 

. jwxL. , i 


= ]-0*0595 


0 = 0.94, or 94£ efficiency, 
c 


EXAMPLE 6.3-4 

A copper refinery has 200 tanks (cells) in series, each con¬ 
taining 20 cathodes and 22 anodes. The current is 10,000 amperes. 

If V cel | = 0,3 volts and the daily metal production is 115,000 lbs. a 
what is the energy consumption per pound of copper produced and 
the energy efficiency? What is the power requirement? 

Solution: The total voltage is (0,3) (200) “ 60 volts. Therefore, 
the power required is 

p (60 V) (10,000 A) t 500 kw 
1000 


ENERGY BALANCES 


Theoretically, 10,000 amps flowing for 24 hours should deposit 


(10.000)(24)(3,500) = 4476 
(2) 96,500 


gm, moles Cu 


or 


(4476)(63,5) 

454 


626. lbs, Cu i n a cell. 


On the average, the amount of copper deposited per cell in Z 4 hours 
in this refinery is: 


115,000 

200 


575 lbs. Cu per cell. 


Thus, 



0,92 


Knowing 0 C , the energy consumption is 

(kwh/lb-mol.) ■ ULMipJl 

= 7.93 


The energy consumption per lb is. 

= 0.12 kwh/lb. Cu 

or, in S. 1 . units , 


6.4 


0.12 kwh 3.6 HO 
lb Cu kwh 


STAGED HEAT BALANCES 


1 . 01 b 

0.454 kg 


= 0.99 HJ/kg Cu. 


As was pointed out in earlier sections of this chapter, 
overall heat.or energy balances do not necessarily give any hint 
as to how a process works or what thermal conditions must really 
be met. In this section, the use of staged heat balances to 
analyze the behavior of various components or portions of a process 
is examined. An so doing, the concept of energy quality will be 
presented. [- 

6.4.1 CRITICAL TEMPERATURES AND ENERGY QUALlii REQUIREMENTS 


Some metallurgical processes operate well only if portions 
of the charge are maintained at or above some critical temperature. 
This is because phase changes, such as melting or changes in 
nhvsical properties of constituents, such as slag viscosities, may 
not occur unless the temperature is above some critical tempera¬ 
ture, such as a melting point. In other cases, while it_may be 
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thermo dynamically possible for a chemical reaction to occur at 
lower tenperatures , the rate of the reaction may not be fast enough, 
below some critical temperature, for economical operation of a 
process requiring that reaction: the volume of the process vessel 
might have to be immense, in order to give a long residence time 
if the reaction is slow, in order to reach the desired daily pro¬ 
duction, An illustration of this is given in Fig, 6.4-1, where the 
time for 80* completion of the reaction 

2Fe 3 0 4 + 1/2 0 2 + 3Fe 2 0 3 

in air is plotted as a function of initial temperature of the 
reactants. This reaction liberates heat and the heat is included 
in the heat balance of iron ore pellet plants. It may be reason* 
ably assumed that for practical purposes, 1400 D F is the critical 
temperature for this reaction, i.e., the reaction is too slow be¬ 
low this terrperature for any significant reaction to occur in a 
plant operating at commercial throughput rates. 

The iron blast furnace, depicted in Fig. 6,2-3, is essential¬ 
ly a continuous process. The preheated air blast reacts with coke 
at the tuyeres to form CO and H 2 which reacts in turn with iron 
oxides as it travels upwards in the furnace, reducing them to ' 
metal. The temperature at the tuyeres , as calculated in Example 
6 . 2 - 2 , is above that needed to melt the iron, so the iron melts 


un oxidized pa Mats 


1300 1500 1700 

TEMPERATURE , 


1900 


Time to 8Q% completion of the reaction 278304 + 1/2 Op 
’+- i ’3Fej0j for 5/8 N diameter pellets In air. Temperature 
is initial temperature of solid. (.Ref., P. 0. Pape, R. 
D. Frans, G. H, Geiger, Ironmakinq and Steelmakina. 3 
(1976), p.- 138.) —- - 


Fig. 6.4-1 
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as does the slag. Both melting processes, however, require energy 
but, more importantly, energy availab 1 _|_at_a temperat ure necessary 
to do the job . 

The amount of energy needed to melt one mol of iron is 3670 
calories. If one mol of solid iron at 1537 = C is brought in con* 
tact with an infinite supply of gas at 1536°C (containing an infi¬ 
nite amount of thermal energy), it will not melt, because none of 
the energy will transfer to it. Thermal energy only transfers 
from a higher to a lower temperature. If it is put in contact 
with gas at 1533°C, the gas will give energy to it until the gas 
temperature is 1537°C. For a gas with a specific heat of 15 cal/ 
mol-°C), 245 mols of gas, initially at 153S°C, are required to 
melt one mol of iron. If the gas was presented to the iron at 
1547*C, only 1/lOth as much gas would be required, and so on, until 
very little gas, if initially hot enoughs is needed to give up 

enough thermal energy, n Qas [Hy - H 1537^ * t0 equa ^ 

a gas 

calories. The point is that the availability of 3670 calories, at 
a temperature below which it cannot perform the required job is of 
no use. 

Therefore, not only does the quantity of energy required have 
to be considered, but also the /qualityT J3f that energy. Usually, 
the quality is described as the amount of energy that can be 
released by a substance at temperatures above some critical level, 
1537°C in the above sample. 

Many processes requiring high temperatures to carry out 
desired phase changes or chemical reactions have products or 
wastes which contain considerable total energy, but or low quality, 
meaning that it is available at a lower temperature and can only 
be used to carry out functions for which only low quality energy 
is required. 

Care must always be exercised in analyzing a process to be 
sure that the critical temperatures required are achieved witnin 
the process, and that the energy regui rements a t these temperature s 
are met, i.e., adequate energy quality is present. To do so onen. 
requires that the process be broken into stages, usually separated 
by temperature requirements. The most well-known example is that 
of the iron blast furnace, whose productivity has increased by 
over 100% during the period 1950 - 1977 , largely because of : :■ ■, 
improved understanding of its operation which came from utilizing^ 
such techniques as staged heat balances. 

Referring to Fig. 6.4-2, an overall heat balance on the _ 
blast furnace can be constructed, with a reference temperature o 
298K, considering only the incoming and outgoing streams, ine 
diagram for such a balance would be: 
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Fig. 6.4-2 Analyses, concfi tions, and amounts of materials entering and leaving a blast furnace. 
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From an overall viewpoint, the oversimplified model depicted in 
Fig, 6,4-2, identifies the major reactions. The heats of reaction 
can .then be.written so that the product stream analyses reflect 
the proportions of each reaction that occur relative to 1 mol Fe: 


mol reactant 
mol i ron 


Reaction 


AH°R 3 £g Q /mol reactant aH r 298 


1 * 27 

C + 1/2 0 2 + CO 

- 26,400 

- 33,530 

1.21 

C + O 2 

^ C0 2 

- 94,050 

-113,800 

0,2 

H 2 0 (i) 

* H 2 0(g) 

+ 10,510 

+ 1,260 

0,10 

CaC0 3 

CaG + CO 2 

+238,450 

■+ 28,845 

0,50 

^ e 2^3 

- 2Fe + 3/2 0 2 

+196,800 

+ 98,400 

0,02 

Si 

■+ Si + O 2 

+209,500 

+ 4,190 


~ 14,6 30 


The sensible heats contained in the air blast, slag, hot 
metal, and top gas are estimated to be: 


Klast = '"air (T bl as t ‘ 298)C p>a1> = -(5.U)(298-T fl )(7'.B) 
aH slag = ^lagfLlag-^LCp.slag = (0.2){T slag -2S3)O6.6) 
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AH' ot TOtal - W T HM - 298]Cp t HH = ^){T m - 298} (16} 

AH; op gas = n TG (T tg - 298}C pjgas - (6.82} (T^-298) (7.0} 

If Tg = 1000K, T s iag = t HM = ^20 K, = 1620 K, and I Tg 

= 473 K; 


AH.. .. 
bl ast 

- - 28,000 


= + 4 s 360 

SK ™ 

= .+ 21,580 

t 

AH 

= + 8,350 


top gas 

Then, the overal 1 heat balance is 


+AH blast + EaH R,298 + aH HM + “slag + “top gas + “loss = 0 
or 

aH HM + “slag + “top gas + “blast + eaH R, 298 = '“loss 
or 

21 ,530 + 4,360 + 8,350 + (-28,000) + (-14,630) = 

8,340 cal/mol Fe - aH-| 

The heat loss is 4,8% of the energy into the process, which 
in this case would be 1 75,330 cal, the sum of all exothermic 
reactions plus the sensible heat in the air blast. 

Notice that nowhere in the preceeding calculation was there 
any mention of having to provide any temperature above that at 
which hot metal and slag emerge from the furnace. But, if some 
phase (gas, in this case) was not present above that temperature to 
transfer heat to the iron and slag, the iron and slag would never 
reach the necessary temperatures. Therefore, thermal energy must 
be provided with the proper qua I i ty . The overall balance does not 
even hint at this! ■ 

To see these needs more clearly, staged heat balances have 
been developed by many engineers and researchers in this field. 

Each differs slightly from the others based on the assumption of 
temperatures at which various reactions are assumed to occur, 
releasing or absorbing heat, for the proposes of this monograph, 
a simplified schematic approach will be taken. 


22jL 


tNhHUY BALANU™ 


Based on a wide variety ^uuschqliu n* maui 
on operating furnaces, and laboratory simulations of the furnace 
shaft, the general picture that has emerged is^that three tempera- 

* .. » .i jt i" U r*i 11T A hid rnn c t r!a ^ » i. r 4 _. _ _ * 


u i I U d UJUI ^ I • 




shaft, the general p 


Region 


Temperature 

r 298 K — 


Low 

Temperature 


d273 K- 


Intermediate 


High 

Temperature 


4425 K■ 


-1620 K- 


i each 

region. 


moles' 

i 

) Reactions AH ( 

cal/mole F 

0.2 

(H 2 0(£) - h2°Ls)) 

+ 1,260 

0.1 

(CaC 03 * CaO + COj) 

+28,850 

0.5 

{Fe 2 0 3 +CO-2FeO+C0 2 ) 

+ 925 

0.71 

(FeO + CO ■+ Fe + C0 2 ) 

- 2,300 

+ 

Sensible heat absorbed 


by solids to reach 

+24,510 


1273K 


+ 

Heat losses (10% of 

835 


total heat loss) 



Net 

+54,080 

0.29 

(FeO+C ■+ Fe+CO) 

+11,470 

] ,0 

(Fe(s) + Fe(J.}} 

+ 3,700 

0.1 

(CaO+Si0 2 -+slag (M) 

- 2,000 


bensioie iichl 
by condensed phases to 
reach 1425 K from 1273 K 

Heat losses [20% of 
total heat loss) 

Net 


3,720 
1 ,670 


+ 18,560 


0,02 


(5i0 2 + 2C ■+ 5i +2G0): + 3,060 

Superheating hot metal :+ 3,180 
Superheating of slag: + 620 

Heat losses {10% of 
total heat loss): j^5,840 


Net 


+12,700 


Total 


+ 85,340 


The only energy S^okef'afln'ExaSle^^- 

The constituents in the b*ast rea_t h AFT and pu t 

releasing heat, raising the reaction products.^the^^P 

ting a certain numcer of moles, rig. 9 descending liquids 
This gas stream rises, giving up heat to tne 
and, above them, the solids. 


In the construction of staged heat balances,^in t h of ^ 
what is done is to calculate the net heat requires 
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solids within each zone, including the heat losses from the 'furnace 
in that zone and see what energy is therefore required to be given 
up by the hotter gases as they move countsrcurrently through the 
zone. In effect, we make a heat balance on each zone. 

In the present case, in the Low TenperatuTe*zone, the heat 
balance would look as follows; 



limestone 

coke 

h 2 0 U) 


and, as indicated in the preceeding table, the sum of all of the 
heat requirements is 54,080 cal/mol Fe, which will have to come 
from the gas. 

In the next stage, the thermal requirements to finish 
reducing the Fed, this time using C instead of CO, and to heat the 
Fe, the remaining coke, and slag, to the melting point of a carbon- 
saturated iron, and melt both the iron end slag, must be met. 

They amount, to 18,560 cal/mol Fe. Finally, in the High Temperature 
zone, energy to superheat the slag and metal, provide for heat 
losses to cooling water and the hearth, and reduce some SiOg to Si 
dissolved in the iron must be provided, all by gases at tempera¬ 
tures above the temperatures of the condensed phases. 

Fig* 6*4-3 shows the enthalpy needs of the condensed phases 
graphed as a function of temperature. In temperature regions 
where there are large heat requirements, such as in the Inter- 
mediate^ region, the slope decreases, indicating that considerable 
energy is needed in those temperature regions * 

The total needed is 85,340 cal /mol Fe, if the metal and slag 
only reach 162GK and only 0,02 mol Si is reduced. If the metal 
and slag are to be hotter and more S10 2 is to be reduced, more 
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AH x ID -3 , £ a1 absorbe-jj by cand^n^H phase* 
mol Fe - - " ^-- 



Fig, 6,4-3; 3taged-Mat balance for blast furnace with enthalpy 

requirements of condensed phases plotted right to left 
on upper scale, and enthalpy yielded by the gases as 
they cool from the AFT plotted on the lower scale. 


total energy will be needed and more high quality energy will be 
needed. 

On an overall basis, enough energy has to be supplied by the 
blast through combustion and sensible heat in the preheated air 
to equal this total required. In addition, enough energy has <,0 
be available to bring the condensed phases up to tne necessary 
intermediate temperatures. This is tested by plotting, also on 
Fio. 6.4-3 the change in sensible heat-of the gases as they de¬ 
crease from the AFT. Since the heat capacity and volume of the 
gases doesn't change significantly as the cools from the .» 
the result is essentially a straight line with slope equal to j, n. 
Since the gases are the heat source for the condensed phases, t|l_ 
line can never he at a lower temperature than -the condensed pnase. 
































Because of the shape of the condensed phase enthalpy plot, 
■zrf gas line will touch the solids line only at a point, known as ' 
thf > pinch PQint . This occurs at about 1000°C (I273K) and is found 
in temperature probes of operating furnaces as a region of the 
' f U rnace where both gas and solid are at essentially the same tem¬ 
perature. This zone is known as the thermal reserve zone as indi¬ 
cated in Fig. 6.2-3. 

The interpretation of Fig. 6.4-3, called a Reichardt diagram, 
is that the gases must initially be at an AFT high enough to give 
up 43*890 cal/mol Fe between the AFT and 1273K, (this is the energy 
required to raise the condensed phases from 1273K to 162GK) in 
order to end up with a product in useable form (liquid) and corpo¬ 
sition. If not enough energy is available, for example, because 
of low blast preheat, the AFT will be decreased, and so will the 
total amount of energy available* The slope of the gas line, 
however, will be the same and so will the solid line. All that 
will happen will be that the metal and slag will not reach as high 
a temperature, since less energy will be available above 1273K. 

Thus, by making three stages of heat balance the presence of 
a pinch point, and the need for high quality energy has been demon¬ 
strated. Computer control of blast furnaces has relied, in some 
cases, on continuous compulation of energy available at tempera¬ 
tures above 1425K. This energy, E c , has been correlated with the 
silicon content of the hot metal as shown in Fig. 6.4-4. 


6.4.2 ENERGY QUANTITY REQUIREMENTS IN A CONTINUOUS PROCESS 

Section 6*4.1 demonstrated that some processes are affected, 
and essentially controlled, by the availability of thermal energy'* 
at or above some critical temperature. Other processes, however, 
may have a different problem: too much energy is available at 
elevated temperatures, resulting in an unavoidable waste of energy 
or overheating of the material in the process upstream'from that" 
point, unless extraordinary measures are taken. An example of 
this follows: 

In iron ore pelletizing, lower grade iron ore containing 
magnetite ( 80304 ) is upgraded by various mineral processing tech¬ 
niques to produce a concentrate consisting mostly of the iron 
mineral plus from 2 to 6% SiO^. This concentrate is very finely 
divided and must be "put back together" in order to be handled and 
subsequently fed into a blast furnace or other reduction device. 
The process of putting it together is called agglomeration , and* 
usually is done by adding^cTfy 1 and water to the concentrate, then 
forming pellets of this wet mixture, drying the pellets, and 
futallyJieating them to 1620K (245Q°F) in order to cause sintering 
of the fine particles, thus imparting strength to the resulting 


tNtHGY balance? 


BThU/WT^W 



% Sr 


Fig. 6.4-4: E c vs % Si (Ref.: J. M, Vanlangen, A. Poos, R. Vidal, 
J. Metals, Dec,, 1965, p. 9). . 


pellet. These later operations are referred to as pel 1 etizing , 
and are performed in a variety of plants utilizing different 
schemes for contacting hot gases wif^the solids. 

One such scheme is shown ij} Fig. 6.4-5 in which the wet 
pellets are placed on a moving grate, dried with gases and heated 
to 533 K (500°F) in the drying zone, then preheated to 1 273 K j 
(1800°F) by gases that enter the preheat chamber at 1328 K (1900°F) 
The pellets drop off the grate into a rotary kiln, which is heated 
by fuel burned at the opposite end. The pellets reach a tempera¬ 
ture of 1620 K (2450°F) in the kiln and are then discharged into a 
cooler. In the cooler, cold air is forced up through the bed of 
pellets, recovering some of the sensible heat in them and carrying 
this heat back into the kiln as combustion air. Some of the heat 
is not recovered In the first stage cooler and is put into the 
atmosphere by the secondary cooling air. 

In this process, if Fs^Ot were the original oxide, the only 
heat input would be the heat of combustion of the fuel. In the 
case where F^Gq is 
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Fig, 6,4-5: Schematic diagram of Grate-Kiln (R) Pelletizing Plant 
showing principal gas and solid flows.* 


present, however, the 02 in the process gases will react with it, 
at temperatures where the reaction kinetics are significant (see 
Fig, 6.4-1}, forming Fe 2 D 3 according to the reaction 


2Fe304 + 1/2 O2 ■+■ 

which gives off 27,400 calories per mole of Fe 3 Q 4 reacted. This 
becomes another source of heat, but it is released in the pre¬ 
heating zone, a different location than the fuel-based heat, where 
the critical reaction temperature is first reached by the, solids, 

A Sankey diagram, Fig. 6.4-6, illustrates the flow of energy 
in this process, in the case where magnetite is being processed. 

Focus on the preheat zone and consider what would happen if 
the side stream (A) of heat was not taken out of stream (B) and 
sent to the drying zone. That portion of the diagram would he 
as shown in Fig. 6.4-6A on page 322. 


is a registered tradename of A! 1 is-Chalmens Mfg. Co., 
Milwaukee, Wise, 
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In other words, there would be an imbalance between heat supplied 
and heat needed. Sooner or later* the imbalance would correct 
itself by increasing the temperature of the gases going to the 
drying furnace. This, however, would expose the equipment in that 
chamber, below the bed of pellets, to potentially harmful tempera¬ 
tures* and result in exposing wet pellets to gases at such a high 
temperature that the rate of release of their moisture would be 
so fast that they would decrepitate* or burst apart. 

The answer to the problem of having this excess of heat is 
to do as in Figs, 6,4-5 and 6.4-6, i'.e., remove some of the thermal 
input to the preheat stage by by-passing it, and cool it separate¬ 
ly with '’tempering 11 air so that it enters the drying stage at no 
more than 7QQ°F. This increases the mass of gas entering the 
drying zone, but that is not a serious detriment since the quality 
of energy is still adequate. An interesting exercise is to make an 
over-all energy balance on this process and notice how little it 
shows about how the real process actually works l 


6.5 SIMULTANEOUS MATERIAL AND ENERGY BALANCES-THERMO CHEMICAL 
MODELS 

£* fes* ? 

In many processes, the energy balance governs the extent of 
chemical reactions or phase changes , through its influence on the 
temperatures achieved in the process. Therefore it has an effect 
on material balances. Thus, in special cases, if the engineer or 
operator wants to calculate a material balance in a chemically 
reactive system, he must also solve simultaneously an energy 
balance. Since this is an additional independent equation, the 
simultaneous equation set involved may contain up to C + 1 equa¬ 
tions and C + 1 unknowns, where C is the number of independent 
component balances that may be made, as defined in Section 4.3, 
Such a set of equations, that include both the material balances 
and energy balances, constitute what is known as a thermochemical 
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model of a process. 


ENERGY 


balances 


In Example Problems 4,3-7 and 6,1—3 a basic oxygen furnace 
was analyzed. In the first example, certain chemical analyses and/ 
or weights were assumed to be known, and a set of six material 
balance equations were solved for the remaining unknown weights of 
materials or analyses. 

In the latter case, the results obtained in the first 
example were used to determine the heat loss from the system by 
means of a heat balance. In effect, a heat balance was solved 
which simultaneously satisfied the material balance already deter¬ 
mined. 


In the following example, rather than following the pattern 
of the previous BOF examples, i,e. 3 analysis of a given process* 
the use of simultaneous heat and energy balances for predict!on of 
the process' performance is illustrated. Data such as the heat 
loss tern needed to close the heat balance is presumed to have been 
developed by experimental measurements and analysis. 

The development of such a model is usually undertaken because 
it is desired to be able to predict* either for purposes of design 
or process control* the effects of changes in raw material che¬ 
mistry or temperature * desired product chemistry or temperature, 
or other process variables, on material requirements or other oper¬ 
ating variables that may be manipulated to maintain the process at 
desired conditions. Most often a model is programmed onto a digi¬ 
tal computer so that variables may be manipulated and the effects 
of variations determined. In some cases access to the computer is 
by remote terminals used by operators of a process, with instan¬ 
taneous results used by them to make control decisions. 

As in the case of material balances alone, when constructing 
a thermochemical model all of the relationships between variables 
that are to be taken into account as well as the_component and 
energy balance must be written down* and the entire system analyzed 
to see how many degrees of freedom are involved. Certain variables 
those whose values are to be found, and not numbering more than 
C + 1* are left to be determined. All of the other variables 
(called design variables, and equal to N * (C + 1)) sre then as^ 
signed values. 

The methods of Section 4.3 may be used to help reduce the 
system of equations to the point where the fewest number oi simul¬ 
taneous equations have to be solved. 

EXAMPLE 6.5-1: The basic oxygen furnace first described in Example 
4 .3-7 has to utilize hot metal with variable silicon content and 
temperature. Develop a thermochemical model to be used to preoici 
the proper charge and oxygen requirements, to make one ton or 
steel with 0.05S C, 0.05S Si, at 1600“C. If the temperature and 
silicon content of the hot metal are available, but varia : e. 

Solution: Identify those other analyses or conditions that are 
known, a priori , and not considered to be variable: 
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1. Analysis of scrap - 

2. Analysis of lime - 

3. Analysis of oxygen 

4. Probable slag analysis - 

5. Slag temperature - T$i 

6 . Heat loss - aH] 0SS 

7. Steel composition - 

8 . Steel temperature - T s teei 

9. Steel weight - 

10, Composition of air - 

11. Weight of waste gas - Wg a5 
(See discussion below) 

Identify the unknowns to be determined: 

1* Weight of hot metal -.Wum 
2* Weight of scrap - W££ 

3. Weight of lime - W c ,q 

4. Weight of oxygen - Wq 

5. Weight of CO^ - Wqq^ 

6 . Weight of slag - W sla 

7. Weight of infiltrate air - W^„ 

a i r 



t 


■i scrap 


ENERGY BALANCES 


(Since tdos t exhaust system, fans run at a constant soe^d th* 
.ass flow of gas pulled by the fan Is relatl.el, Smltint' ?hej - 
^ n re H ’ ^ assumed that W g?s is constant at 264 kg/ton of s te*l 
produced based on the previously determined material balance 
tnat the heat loss determined in Example 6,3-1 can be utilized--"' 
Tn1s was bas &d on a system in which CO from the decarburization 
reaction was burned to CO 2 above the mouth of the vessel by infil 
Trate air. Since the weight of CO 2 will vary, depending on the' 
ratio of hot metal to scrap, the amount of infiltrate air, w 
will also vary. Analysis of the material balance in Example 4 ^ 3.5 
shows that the oxygen supplied (W oxyQen ) to remove the carbon ex¬ 
ceeds that needed to form CO, after forming FeO and Si Op, by 
22.25%.) y 

she carbon content of the hot metal, F c , is a function of 
temperature, T^, and silicon content, , according to 


f r " 2.5 x 10 


-5 


*HM 


0,5 + 8, x 10 


-3 


based on the Fe-C-Si phase diagram. There are seven unknowns and 
therefore seven equations are needed. Since the energy balance 
must-be incorporated, this means that six material balances will be 
required. They are as follows: 

CARBON BALANCE : 

1000 

F c - W HM + 0.00646-W sc = 0.0C054^ el + 0.272 Wq, 

F c • W HM + 0.00646-W sc - O.272-W C0 = 0.5 0) 

2 

SILICON BALftNCF : 

F Si ‘ W HM + 0.00354W SC = (28/60){0.149)W SL + 0.0005*W^£, 

F Si ' W HM + °-00354W wc - 0.06965-W SL = 0.5 


00 
"Steel 

(Z) 


IRON BALANCE: 


(1 -°“ F c- F sd w HM + 0-—sc 

n.0- F c - F si-}W HH + 0.99-W sc - 0.272 S-W sl = 999. 


1000 

,9S-W SC = (55.85/71.05)(0,351 )W SL + 0.99^^ 

(3) 


OXYGEN BALANCE : 

1 -°’ W 0X + D - ?33 ' W ATr = (0.233-W ai r -0.2827 H C0 J *0.727 *W CQ 

1^___ <z_J \ _ C J 

> r Wt. of C 2 Wt. of 0^ in CO^ 

in waste gas 

+ [32/6Q}(F s102 J«Wsl ‘ (16/71.S5)(F Fe0 )-W SL 
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1,0-Wqv - 0.44 W(£ - 0.157S-W S [_ = 0 


(4) 


LIME BALANCE : 


^'W 0 - 5 ^* 0 


(5} 


TOTAL MATE RIAL BALANCE : 

W 


1000 1000 


HM + W CaG + W 0xy + W Air + W SC = W SL + W Steel + W Waste Gas 

1 * 0W HM + 1,0W CaO + 1 ' OW 0xy * 1w Air + ^SC ' = 1254 ( 6 ) 

ENERGY BALANCE : 

As shown in Example 6,1-3, the heat input relative to a base 
temperature of 1600°C (1873°K) is from the oxidation of carbon to 
CD 2 , Si_ to Si 02 ? Fe to FeO and the formation Of slag: 

For carbon oxidation: 


Wqq kg CO 2 kg-mole C0 2 
2 

10 ^ gm-mole -99,940 cal 

= - 2.2 

44 kg C0 2 

kg-mole gm-mole 

For silicon oxidation: 


0.149kg Si0 2 W^ L ,(kg slag) 10^ gm gm-mole Si0 2 -IBS^OOOcal 

kg slag 

kg 60.08gm Si0 2 gm-mole Si0^ 

For iron oxidation: 

= -4.612 x IQ 1 

0,351kg FeO W^,kg slag 

IQ 3 gm gm-mol FeO -55,780 cal 

kg slag 

kg 71 * 8 Sgm FeO gm-mol FeO 

For slag formation: 


0.149kg S 10 2 s kg slag 

10 3 gm gm-mole Si0 2 -20,000 cal 

kg slag 

=-4 

kg 60.08 gm gm-mole 

1 .65 CaO*SiO^ 


"CCL 


SI 


-2.725x10 5 W 


SL 


*5L 


Sensible heat terms are as follows: 
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Hot Metal: 
W 


iH HM = [V6 cal/inole- 0 iC][1873-T HM ]xl0 3 - 5.591 


4 H hh = 5.591 x 10 3 - 298.5 T HH cal. 
Lime: 


AH 


W CaG '- 19>79 °' 


CaO 


M.W.CaO 


£ H 1873 " H 298-Ca0 


Oxygen: 


AH Ca0 = 3.528 x 10 3 W Ca0> cal. 


W ,-13,050- 

iH = [H - H„,] r 


32 


‘1373 273 j 0 2 


aHq = 4.0775 x 10 5 ■ W Q cal. 


Scrap: 


t r-1 8,550*-—> 

iH SC = 55785 1873 " H 298 ] SC 


iH sc = 3.3214 x 10 W sc , cal. 


Ai r: 


aFL . 


* Ai r 


-12,360 

Wio7U “ 


Air ' ”297 L 1873 298 J Ai r 


Waste Gas: 


aH a . r = 4.263 x 10 5 W Ai r , cal, 


Og in Waste Gas: 


AH n = 8.402 x 10 3 W Air - 1.3112 


in Waste Gas: 


aH tl = 10.343xl0 t) -9.128xl0 3 W.. -2 


N 


Ai r 


CO,, in Waste Gas: 


AH.„ = 4.237 x ITT W 
LUo 


CO. 


x ™ 5 - 29B - 5T m 


* ’° 4 "co. 


, 491 7x10 4 W CO 
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fi n‘ + = 10.343 x 10 6 - 726 W Air + 4333 W co 

“ waste gas * ir 2 

aHi = 32.1 x 10 6 cal. 

loss __ 

Thus, since input = output, 

2.271 x 10 s + 7.833 x 10 5 W £L = [5.591xlO B -29B.5T HH ]-% 

+ 3.528 xl0 5 W Cg0 

+ 4.078x10 5 Vig X2 +4.263x10 5 W Air 
+ 3.321x10 5 W sc +10.343x10 6 
-725' W Air +4333W c0 ^+82,lxlO 6 
OR: 

-[5.591xl0 5 -298.5T HI( ,]W HM -3.528xl0 5 'W Ca0 -4.078xl0 5 W 02 -4.256xl0 5 W Air 

- 3.321xl0 5 W sc + 2.267x10 s W c0 + 7.833xlG 5 W SL ■ 92.44xl0 6 (7) 

The resulting 7 x 7 matrix is as follows: 


unknown 

balance 

W HK 

w uo 1 

wo 2 

H Mr 

H st 


m sl 


Constant 

carb&n 

F C 

0 

0 

0 

0.00645 

- 0,272 

0 


0.5 

silicon 

F S1 

0 

0 

0 

0.00354 

0 

-0.06965 


0.5 

i ron 

NO-F^i 

0 

0 

0 

0.99 

0 

-0 t 2728 


999. 

oxygen 

0 

0 

1.0 

0 

0 

-0.44 

-0.1575 


0 

1 Ime 

0 

1,0 

0 

0 

0 

0 

-0.5 


0 

total 

1.0 

1.0 

1,0 

1.0 

1,0 

0 

-1.0 


1264. 

1 energy 

- [5 .S9-I 0 £ 

.Z9S.5T hk ] 

-3.5?8 
xlO 5 

■-4.078 
xlO 5 

-4.256 ' 
x!0 S 

i_ 

-3.321 

ilO 5 

+2.267 

3tlO e 

+7.633 

xlD 5 


92,44 k 10 6 
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Solution of the seven simultaneous equations with various 
values of Fr, and T^h allows study of the effects of variations 
of F 5 i and on the material requirements for making steel via 
the BQF. The'values of the variables corresponding to a set of 
Fand T^m values are shown in the final table, along with 
the computed value of the %Scrap in the metallic charge. 


F Si 

t hh 

F c 


W HM 

W CaO 

W 0xy 

W Scrap 

W Slag 

WScrap 

,015 

16Z0K 

.041 


744.2 

85.4 

79.0' 

346.5 

170,7 

31.7 

.010 

1620K 

,043 


763.3 

59.1 

74.1 

311.6 

118.2 

29.0 

,005 

1620K 

.046 


772.2 

31.4 

69.5 

285.1 

62.8 

27.0 

.010 

1670K 

.044 


735.0 

57.8 

73.2 

338.6 

115.6 

31.5 

.010 

172QK 

,046 


699.7 

56.1 

72.8 

372.8 

112.2 

34,7 


The effect of increasing the silicon content of the hot metal, at 
the same temperature, on the ability to consume scrap is clearly 
shown in Fig. 6 ,5- 1(a) and the effect of increases in hot metal 
temperature are shown in Fig. 6.5-l(b). 

Changes in assumed slag chemistry, scrap chemistry, etc. can 
be studied in a similar manner, thus providing the process analyst 
with a powerful tool* 




Hgt HtEal Tfisccratur*. T 

- Sf In HJH. (&) 

U) 


Fig. 6.5-1: Effect of % Si and hot metal temperature on % Scrap 
in metallic charge to BOF. 














































MATERIAL AND ENERGY BALANCE CALCULATIONS IN METALLURGICAL PROCESSES 


6.6 PROCESS ANALYSIS 

In this final section two different approaches to the analy¬ 
sis of energy requirements for processes are presented. They ‘are 
the work of other authors, acknowledged in each section, with only 
minor changes to fit the format of this monograph. 

In the first approach, Dr. Robins demonstrates a step-by-step 
approach to the analysis of a process, starting with a very sim¬ 
plistic viewpoint, making it ever more conplex, as allowances for 
inefficieases, realistic material ratios, etc., are added to the 
basic, theoretically perfect process, and in the end seeing the 
effect of these more realistic assumptions on the energy and 
material balances. 

In the second section, Professor Kellogg presents his ap¬ 
proach to the calculation of total process energy requirements, in 
which he takes a global viewpoint and includes the energy required, 
not only for the process itself, but also required to produce the 
electricity and the reagents used. 

6,6.1 THEORETICAL ENERGY REQUIREMENTS FOR IRONMAKING* * 

Theoretically, as shown in Fig. 6.6-1, the reduction of one 
ton of iron from hematite requires 332.6 lbs of carbon; and an 
additional 301-4 lbs of carbon and 536.6 lbs of oxygen are re¬ 
quired to supply the heat required for reduction and melting. The 
purpose of this section is to show how the amounts of carbon and 
oxygen required to produce one ton of liquid iron change as we 
move, step by step, from the purely ideal process represented by 
Fig. 6*6-1 toward a more realistic process. The general procedure 
will be to approach each process as one approaches a.reaction — 
i,e., the energy required will be determined as the difference' 
between the heats of formation of the products and the heats of 
formation of the reactants. The net energy requirement so deter¬ 
mined will then be satisfied by burning additional coal with oxy¬ 
gen, so as to arrive at the total coal requirement for a balanced 
process. Thus, the genera] procedure is similar to that shown in 
Fig. 6-6-1. 


For illustrative purposes, attention will be restricted to 
the production of one ton of 2S50°F liquid hot metal of normal com¬ 
position (chemical compositions of all species used in this paper 
are shown in Table 6.6-1)* furthermore, the raw materials per¬ 
mitted will be limited to a taconite ore consisting of a little 
over 30% iron, a metallurgical grade coal of about 84% total carbon 
and a heating value of a little over 14,000 Btu per lb, and pure 
oxygen* 


Written by N. A. Robins, Vice President for Research, Inland Steel 
Company, East Chicago, Indiana. Published in - Iron and Steelmaker , 
yol. 2 (1976), p. 39. Reprinted with permission " 6 f" the author and 
the Iron and Steel Society of AI ME. 
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0.5 Fe 2 O 3 (s,7 7 0 F) + 0.75 C (s,77°F) -— 

1-0 Fe ( L r 2 5 50 = F>* + 0.75 C0 2 (g,77°F) 

Ah = 1421 Btu/lb Fe 

C (s,7 7 ° F) + 0 2 ( 9,77 0 F) ■—**■ C 0 2 (g,7 7 0 F ) 

AH = 14,107.8 Btu /lb C 

C FOR REDUCTION = -Jj— x(0.75 x 12.01) = 322.6 tbs /ton 

C FOR HEAT = (2000x1421) - 14,107.8 = 201.4 Ibs/ton 
TOTAL C REQUIRED = 524,0 Ibs/ton 

0 2 FOR HEAT = - x 32 = 536.6 Ibs/ton 

* 12.01 

# ALTHOUGH FUSE IRON IS MOT LIQUID AT 255Q*f. THIS STATE IS ASSUMED 
fCR COMPATIBILITY WHH LATER CALCULATIONS USING HOT METAL; TNI HEAT 
CONTENT IS ESTIMATED FROM HIGHER-TEMPERATURE DATA. 


Fig. 6 . 6 - 1 : Theoretical carbon and oxygen requirements for the 
production of liquid iron from hematite. 

In order to insure that the minimum amount of energy is deter¬ 
mined in each case, the assumptions shown in Table 6,6-2 are used, 
except when otherwise noted. The first assumption is ”100% che¬ 
mical efficiency 11 , which requires that all useful elements be in 
their lowest-energy chemical state* The second assumption is "100% 
thermal efficiency", which requires that all of the sensible heat 
be recovered and that there be no heat losses* The third assump¬ 
tion is ” 100 % mechanical efficiency”, which requires that there be 
no frictional losses and that all potential and kinetic energy be 
recovered. 

For the first example, let us suppose that the reduction 
takes place in one step, as shown at the top of Fig. 6.6-2 , The 
reactants are ore and coal at ambient temperature, and the products 
are liquid hot metal at 255G°F and oxides and gas at ambient tem¬ 
perature, By the assumption of 100% chemical efficiency, all of 
iron in the ore--both as magnetite and hematite--will end up in the 

hot metal * Thus, in order to produce one ton of hot metal con¬ 

taining 1374.4 lbs of iron, 5929.2 lbs of. taconite ore, also con¬ 
taining 1 874.4 lbs of iron, are required. Then, the coal required 
to reduce the ore (including the Si, Mn, and P required in the 
hot metal) and to supply carbon to the hot metal is calculated as 
'392.1 lbs. Finally, the quantities of gas and oxides produced are 
determined by material balance. The gas is composed of C 02 , H?0» 
SO 3 , and nitrogen, it is assumed, not being oxidizable. All of 




















MAJ tHIAL AJVU tMthbt ^U^ULAllUPfS IH Mt 1 Al_LUh£UJUAL PKUCESSES 


TABLE 6.6-1 


Chemical Composition of Various Species 


Ore 

Coal 

Coke from Total C 

28,58% Fe 3 0 4 

84.0% Total C 

93.96% C 

15.53% Fe 2 0 3 

64.9% Fixed C 

3.58% Si0 2 

47,54% Si0 2 

5.0% H 

2.46% AL 2 0 3 

1.87% MnO ? 

3.7% 0 


0.52% P 2 0 s 

1.4% M 

Coke from Fixed C 

1.62% A1 2 0 3 

0.5% S 


2,02% CaO 

3.2% Si0 2 

92.32% C 

2 .22% HgO 

2 .2% A1 2 0 3 

4.55% $i0 2 



3.13% A1 2 0 3 

Pellets 

Slaq 

Hot Metal 

91.50% Fe 2 0 3 

53.4% Ca0-Si0 2 

93.72% Fe 

6.47% 5i0 2 

28.1% 2Ca0-5i0 2 

4.60% C 

1.15% Mn0 2 

13.4% 2Ca0-Al 2 0 3 -Si0 2 

0.80% Si 

0.13% P 2 0 5 

3.0% 2Mg0-SiO 2 ' J 

0.80% Mn 

0.25% A1 2 0 3 

2.0% Nn0 2 

0.80% P 

0.25% CaO 



0.25% MgO 

CaO + MgQ ~ ] 



Si O 2 + Al^O^ 


TABLE 6,6-2 


Assumptions for Calculating Process Energy Requirements 



Assumption 


Consequence 

1 . 

100% Chemical Efficiency 

A. 

All useful elements recovered in 
the products 



B. 

All side products in lowest- 
energy chemical state 

2 . 

100% Thermal Efficiency 

A, 

All sensible heat recovered 



8 , 

No heat losses 

3. 

100 % Mechanical Efficiency 

A, 

No frictional losses 


¥ 

B, 

All potential and kinetic 



- 

energy recovered 
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ORE esssss* 

OVERALL 


COAL : 

IRONMAKING 



PROCESS 



HOT. METAL 
( 2 5 5 0 0 F, L] 
OXIDES 
GAS 


material 

WEIGHT (lbs) 

ENERGY [Btu) 

INPUTS 



ORE 

5 9 2 9 2 

-25.805,000 

COAL 

392,1 

212,000 

TOTAL 

6321.3 

- 26,017,000 

OUTPUTS 



HOT METAL 

2000.0 

+ 1,164,400 

OXIDES 

3265.8 

-20,083,800 

GAS 

1055.6 

- 4,368,500 

TOTAL 

6 3 21.4 

-23,287,900 

NET 


+ 2,729,100 


PROCESS 

REQUIREMENT 

TOTAL 

ENERGY 


NET 

ENERGY 

+ 2,729,100 
- 2,729,100 

0 

EQUIVALENT; 


COAL 0 2 

392.1 0 

191.3 498.5 

5 8 3.4 498.5 

8,3 2 2,7 00 Btu 


MATERIAL 

PROCESSED 

6321.4 

6B9.8 

7 011.2 


Fig, 6,6-2: Energy Balance for ideal one-step ironmaking process. 


the oxygen in the gas comes from the ore and the coal. The oxides 
come from the gangue in the ore and the ash in the coal. It 
should be noted that the amount of coal required is only that re¬ 
quired for chemical reaction and hot metal saturation; the coal 
required for heat will be discussed later. 

As indicated earlier, the new energy requirement for this 
process is determined as the difference between the heats of for¬ 
mation of the products and those of the reactants. The appropriate 
heats of formation are indicated in the "Energy" column in the 
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TABLE 

6.6-3 

Heat Quantities for 

■ Various Species 

Heats of Formation 

at 77°F {Btu/lb) Heat Contents (Btu/lb) 

Fe 7^3 

-2211.4 

Hot Metal, (.255°F,i) 532.2 

Fe 3 0 4 

-2074.0 

Pellets, {2200°F, s) 468.4 

SiO, 

-6283.1 

Coke, (q000°F, s) 707.1 

Mn0£ 

-2576.9 

Slag, (2550°F, i) 684.5 

p 2°5 

-4459.1 

Fe, (2550°F, £)(est.) 532.7 

CaQ 

-4872.1 


CaCO ^ 

-5206.3 

Heating Value (Btu/lb) 

MgO 

-6419.6 


A1 2 0 3 

-7068.7 

Coal 14,263.4 

Ore 

-4352.2 


Pellets 

-2511.3 


Coal 

- 540.6 


Coke 

- 314.6 


C0 2 

-3846.7 


h 2 o (s) 

-5774.7 


50 3 

-2122.0 


Ca0-Si0 2 

- 329.3 


SCaO-Si0 2 

- 311.4 

from the oxides 

2 CaO-Al 2 03 'Si 0 2 

- 163.5 

at 77°F 

2 Hg0-Si0 2 

- 193.4 



table in the middle of Fig. 6*6-2 (heats of formation and sensible 
heats of all species used in this paper are shown in Table 6*6-3). 
It should be noted that the entry for coal is its heat of foma¬ 
tt on— not its heat of combustion, which would be over 5 million 
Btu* Also, the entry for hot metal is mostly due to its sensible 
heat and heat of fusion. It can be seen that the net energy re¬ 
quirement for this one-step ironmaking process is 2,279,100 Stu/ 
ton hot metal. 

The short table at the bottom of Fig. 6.6-2 summarizes these 
calculations on the line labeled “Process' 1 . In order to balance 
the process thermally, there is a requirement of 2,729,100 Blu, 
which can be met by burning 191.3 lbs of coal with 498,5 lbs of 0^. 
Thus * in order to satisfy the chemical and energy requirements of 
this ideal ironmaking process, a total of 583.4 lbs of coal are 
required. This represents a total heat input of about 8.3 million 
Btu per ton of hot metal. One might compare this with the actual 
energy requirement for the production of one ton of hot metal in a 
blast furnace which, if one considers all of the energy required 
to provide the various inputs .to the blast furnace process, runs 
about 23,000,000 Btu/ton. Thus, if the heat requi remen t derived 
in this exercise is considered to be ideal for these raw materials, 
one might say that the thermal efficiency of the blast furnace 
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process is about 36%. 

For the next example, let us take cognizance of the fact that 
we do not want to put a taconite ore and a metallurgical grade 
coal directly into the reduction process. Rather, we will put the 
ore through a pelletizing process and the coal through a coking 
process, and then feed the pellets and the coke to the reduction 
process. However, as before, the conditions of 100% chemical, 
thermal, and mechanical efficiency will be assumed for each pro¬ 
cess* 


In the pelletizing process, shown in Fig. 6.6-3, pellets of 
the analysis shown in Table 6.6-1 are produced. As will be seen 
shortly, the amount required in the reduction process to produce 
one ton of hot metal is 2928.8 lbs. Based on the assumption of 
100 % chemical efficiency, all of the iron in the ore will end up 
in the pellets; so 5929.2 lbs of ore will be required, and the 
1694.6 lbs of magnetite in the ore will have to be oxidized to 
hematite, which requires 58.5 lbs of oxygen. All of the material 
that does not end up in the pellets ends up in the gangue. As 
before, the heats of formation of the products and reactants are 
shown in the “Energy” column in Fig, 6.6-3* Taking the difierence 
indicates that 362,100 Btu are generated in this process. This is 
the equivalent to the heat generated by the oxidation of the mag¬ 
netite * 

The coking process is shown in Fig* 6.6-4. The amount of 
coke that will be required in the reduction process is 431.4 lbs. 
Because of the assumption of 100% chemical efficiency, all of the 
carbon in the coal must end up in the coke. Therefore, 432,6 lbs 
of coal are required. The coke consists only of carbon and ash, 
and the rest of the elements in the coal are oxidized to their 
lowest chemical state with 177 lbs of oxygen to produce 227.2 lbs 
of gas, mostly H?Q, Since the heat of formation of the gases is 
so low, there is energy production of over 1 million Btu in this 
process. 

Finally, looking at the reduction process shown in Fig. 6.6- 
the 2928*8 lbs of pellets and the 431.4 lbs of coke are required 
by material balance and stoichiometry to make one ton of hot metal 
In the process, 211.7 lbs of oxides are generated trom the gangue 
in the pellets and the ash in the coke; and 1148,4 lbs of gas,, all 
carbon dioxide, are generated from the carbon in the coke in the 
course of reducing the pellets. The net result for the reduction 
process is a requirement of 2,969,500 Btu. 

Fiq 6.6-6 is a summary of the three processes combined. 
Together the three processes require 1 ,440,000 Btu, which can be 
met by burning 101 lbs of coal with 263 lbs of oxygen Them.it 

is that, in the three-step ironmaking process, a . t ° ta °„L“:TT 
of coal and 498.5 lbs of oxygen are required, which is precise y 
the same as that required for the one-step ironmaking J 

The only difference between the two cases is that, in hQt ] 

process, only 7,000 lbs of materia, are processe P- qqo 

metal; whereas in the combined three-step process, ov. > 1 

of material must be processed for each ton of not metal. 



























MATERIAL and energy balance calculations in metallurgical processes 


ORE 






PELLETIZING 

PROCESS 





PELLETS 

GANOUE 


|jg> 


MATERIAL 

WEIGHT (lbs) 

ENERGY (Btu) 

INPUTS 



ORE 

5 929,2 

— 25,805,000 

0 2 

58.5 

0 

TOTAL 

596 7.7 

— 2 5,805,000 

OUTPUTS 



PELLETS 

2928.8 

- 7 r 3 5 4 H 5 00 

GANGUE 

3059.0 

- 18,812,600 

TOTAL 

598 7.8 

- 26,167,100 

NET 


362,100 


Fig. 6,6-3: Energy balance for ideal pelletizing process. 


Wi 


CO ALi 


COKING 

PROCESS 


.COKE 

-GAS 


ff 

t 


MATERIAL 

WEIGHT (lbs) 

ENERGY (Btu) 

INPUTS 



COAL 

482.6 

- 260,900 

o 2 

177.0 

* 0 

TOTAL 

659.6 

- 260,90 0 

OUTPUTS 



COKE 

431.4 

- 171,700 

GAS 

228.2 

— 1,25 6,600 

TOTAL 

6 5 9.6 

— 1,42 8,3 00 

NET 


- 1,167,4 00 


Fig, 6.6-4: Energy balance for ideal coking process. 
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In the next example > we take one more step back from ideality 
by recognizing that, in the pelletizing process, only the magnetite 
■component of the ore can be used to make pellets and, in the coking 
process, only the fixed-carbon component of the coal can be used 
to makecoke. Thus, for these two processes, we are relaxing the 
assumption of 100% chemical efficiency by no longer requiring that 
all of the iron or carbon in the reactants enter the products. 
However we will still retain this assumption for the reduction 
process This three-step process is referred to as "sub-ideal". 


The sub-ideal pelletizinq process is shown in Fig. 6.6-7, It 
can be seen that a little over 9,000 lbs of ore are required to 
make the same 2923.S lbs of pellets, because only the magnetite 
component of the ore is being recovered in the pellets. Since all 
of the iron in the pellets is coming from the magnetite, there is 
more magnetite to oxidize than in the previous case. Intis, slight¬ 
ly mo^e oxygen is used— 89.5 lbs versus 58.5 lbs in the previous 
else The net result is a slight increase in energy available 
from the process because of more oxidation taxing pla>.e. 

In the sub-ideal coking process, shown in Fig. the 

coal beina used has 65% fixed carbon and 84% total carbon Thus, 
when oniy'the fixed carbon is allowed to end up in the coke, con¬ 
siderably more coal must be used to make the same amount d. coke. 

It shou d be noted that 439.1 lbs of coke are being produced in 
L. „ ! ,, 0DDCSe d +o 431 4 lbs of coke in the previous case. 

Se difference's in Se ash content of the coke, which in these 

IlSV'th?"AS,*!*!; 

on the material and energy balances is neg.igib.-. 

The significant change in the coking process is the large 
increase in the amount of gas produced, which is ™ s tly ca 
dioxide frSm the carbon in the coal that is now not S^ngi^the 
coke. 732.4 lbs of 9^ ^re produced, J* °PP°sed 
duced previously, and this results m a n — = r , -- , t threP 
the ookinu process of over 3 million Btu, which is almost three 

times what it was in the previous case. 

Finally, looking at the ^b-ide.1 roduotlon proco= ; ^own_ 
in Fic 6 6-9 the only difference between this cast an . v 
vious case is the approximately eight more poonds^o. 

coke which show up as eight more P°ur c there is 

however, since these oxides do not change energy state, tn re 
no change in the net energy required for tne reduction p 






































PELLETS 

COKE 



REDUCTION 

PROCESS 



HOT METAL 
2 5 5 0 ° F, L) 
OXIDES 
GAS 


MATERIAL 

WEIGHT (lbs) 

ENERGY (Btu) 

INPUTS 



PELLETS 

2928.8 

-7,354,500 

COKE 

431.4 

171,700 

TOTAL 

3360,2 

- 7,526,200 

OUTPUTS 



HOT METAL 

2000.0 

+ 1,164,400 

OXIDES 

211.7 

- 1,303,500 

GAS 

114 8.4 

- 4,417,600 

TOTAL 

3360.1 

- 4,556,700 

NET 


+ 2,969,500 


Fig, b.6-5: Energy balance for ideal reduction process using 
pellets and coke* 



HOT METAL. 
(2 5 50* F, L) 



NET 

ENERGY 

COAL 


MATERIAL 

PROCESSED 

PELLETIZING 

- 342,100 

0 

58 5 

5987.8 

COKING 

- 1,167,400 

432.6 

177.0 

659.6 

INDUCTION 

+ 2.969,5 00 

0 

0 

3 360,1 

REQUIREMENT 

-1,440,000 

101,0 

263 0 

364.0 

TOTAL 

0 

533.6 

4 9 8-5 

10,371.5 

TOTALS FROM 

ONE-STEP EXAMPLE 

533,4 

493.5 

7,011.2 


Fig* 6.6-6: Combined energy balance for three-step ideal iron- 
making process* ' 
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ORE 


pellets 

GANG U E 



PELLETIZING 

PROCESS 








MATERIAL 

WEIGHT (lbs) 

ENERGY (Btu) 

INPUTS 



ORE 

9063.4 

-39,445,600 

°2 

89.5 

G 

TOTAL 

915 2.9 

- 39 r 445,600 

OUTPUTS 



PELLETS 

29 2 8,8 

- 7,354,500 

GANGUE 

6224.1 

— 3 2,644,400 

TOTAL 

9152.9 

- 39,993,900 

NET 


5 5 3,300 

- ■ ™ 




Fig* 6.6-7: Energy balance for sub-ideal pelletizing process. 


COAL 



COKING 

PROCESS 



COKE 

GAS 


MATERIAL 

WEIGHT (lbs) 

ENERGY (Btu) 

INPUTS 



COAL 

624,6 

- 337.700 

°2 

547.0 

0 

TOTAL 

1171.6 

_ 337,700 

OUTPUTS 



COKE 

439,1 

222,500 

GAS 

732.4 

- 3,308,100 

TOTAL 

NET 

1171.5 

_ 3,530,600 

3,192,900 


Fig. 6.6-8: Energy balance for sub-ideal coking process* 
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Fig. 6.6-10 gives the summary for this example. It can be 
seen that, because of the amount of coal required in the coking 
process to satisfy the material balance, there is more than enough 
energy available in total to satisfy this three-step ironmaking 
process. The extra energy is equivalent to 54.5 lbs of coal which, 
if credited to the process, means that the total requirement of the 
three-step process is 570.1 lbs of coal. This is.about 13 lbs less 
than in the previous cases, which is due to the fact that some of 
the required energy is now being supplied by the additional oxida¬ 
tion of magnetite. 


The significant feature of these three examples is that, de¬ 
spite moving from a simple overall view of ironmaking from ore and 
coal to a consideration of the three individual process steps re¬ 
quired, and despite allowing for non-ideal but more realistic re¬ 
coveries of iron and carbon in the pellets and coke, respectively, 
there is virtually no change in the total energy requirement to 
produce a ton of liquid hot metal at 255G°F. Thus, there is noth¬ 
ing inherent in the separation into three process steps that 
affects the energy requirement to produce hot metal . 


This, of course, is a direct consequence of 100^ thermal 
efficiency. The efficiency of a stepwise process is determined by 
the product of the efficiencies of the individual steps. Presum¬ 
ably, an important reason for separating a process such as iron- 
making into steps is to improve the overall efficiency. Since the 
preliminary processes cannot, in fact, operate at 100* thermal 
efficiency, the improvement in the efficiency of the reduction step 
must be sufficient to overcome the 1ess-than-perfect efficiencies 
of the preliminary steps. For example, consider Fig, 6,6-11, If 
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ciNcmjf BALANCES 


PELLETS 

COKE 




REDUCTION 

PROCESS 


t hot METAL 
^550-F, l) ' 
* OXIDES 
- gas 


MATERIAL 

WEIGHT (Ibi] 

ENERGY (Bln) 

INPUTS 



PELLETS 

2928.6 

- 7,354,500 

COKE 

439,1 

- 2 2 2 r 500 

TOTAL 

3367.9 

-7,577.000 

OUTPUTS 



HOT METAL 

2000.0 

+■ 1,16 4.4 0 0 

OXIDES 

219.4 

- 1.354.300 

GAS 

1140.4 

- 4.417.600 

TOTAL 

3367.8 

— 4,607.500 

NET 


+ 2,969,500 

l * __ 



Fig, 6.6-9; Energy balance for sub-ideal reduction process using 
pellets and coke. 



125 50 °?. U 


. 


NET 

ENERGY 

PELLETIZING 
COKING 
REDUCTION 
REQUIREMENT 
TOTAL 

TOTALS FROM 
ONESTEP EXAMPLE 


MATERIAL 


coal 

02 

PROCESSED 

0 

89 5 

915 2.9 

674.6 

547,0 

1171.6 

0 

0 

3367.9 

-54 5 

—141,9 

0 

570,1 

4 9 4.6 

13.692.4 

55 3.4 

496,5 

7.011.2 


- 553.300 

- 3 . 192,900 

+ 2 . 969.500 
4 7 7 6.700 

0 


Fig. 6,6-10: Combined energy balance for three step sub-ideal 
ironmaking process. 
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ONE-STEP PROCESS 





\ 

O 2 -*1- 

C O A L 

I 


f 


-1 


f FF. r 60 % 


a VES ALL 
REDUCTION 
PROCESS 



EFFICIENCY - 60 % 


J 


OXIDES 
HOT METAL 
GAS 


THREE-STEP PROCESS 


'“I 



h OXIDES 
► HOT METAL 
-GAS 


6,6-11: Schematic representation of process efficiencies. 


ONI-STEP PROCESS (IDEAL) 




HEAT CONTENT 

OF OXIDES (3265 B Ibi) 

= + 2. 

235,400 Btu 


NET 



MATERIAL 


ENERGY 

COAL 

2 l 

processed 

PROCESS 

+ 4,964.500 

392,1 

0 

6321.4 

REQUIREMENT 

- 4,964,500 

340.! 

906 9 

125 5 0 

TOTAL 

0 

740.2 

906.9 

7576.4 

THREE-STEP PROCESS 

[ SUB-IDE AL) 




HEAT CONTENT 

OF PELLETS (2923.3 Ibi) 

- + 1.3 71, a 00 Blu 

HEAT CONTENT 

OF COKE (439. 

} Ibi) 

=■ + 

310.500 Ssu 

HEAT CONTENT 

OF OXIDES (219.4 ibi} 

- + 

150,200 Btu 


NET 



MATERIAL 


ENERGY 

COAL 

0 2 

PROCESSED 

PELLETIZING 

+ BIB. 5 DO 

0 

8 9,5 

9152,9 

COKING 

-2.Sfl2.400 

624 .6 

547.0 

1171,6 

REDUCTION 

+ 3.119.7 00 

0 

0 

3167.9 

requirement 

-1,05 5,BOO 

74.0 

192 .a 

266.B 

TOTAL 

0 

6 9 a 6 

3 2 9.3 

11.95 9.2 


6.6-12: Combined energy balances for ironmaking processes 
with solids heat loss. 
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the overall reduction process had an efficiency of 60%, and if the 
pelletizing and coking processes each had an efficiency of 80%, 
then the process of producing hot metal from pellets and coke would 
have to have an efficiency greater than 75% in order to make^the 
three-step process more efficient than the one-step process'! 

As an example of what happens to the energy requirements when 
inefficiencies are incorporated into the idealized calculations 
already givers, the assumption of 100% thermal efficiency can be 
weakened by saying that the heat content in the solids produced in 
each process step cannot be recovered. The three-step process can 
then be compared with the overall process, as shown in Fig, 6,6-12, 
Considering the loss of heat from coke at 2G0Q°F, pellets at 2200°F, 
and oxides* from the reduction process as 2550°F, the energy re¬ 
quirement of the three-step process goes up to 698,6 lbs of coal end 
the energy requirement for the overall process goes up to 740,2 lbs 
of coal. Thus, considering only this one inefficiency in the system, 
it is apparent that the three-step process is more efficient than 
the single overall process. 

As a final example of this approach, let us make the reduc¬ 
tion part of the three-step process slightly more realistic by 
including the fact that the slag must have a basicity of 1,1 in 
order for the process to work. As shown in Fig. 6,6-13, this is 
accomplished by providing 359,3 lbs of limestone, which is con¬ 
sidered to be pure calcium carbonate, as one of the reactants in 
the reduction process. On the output side, allowance is now made 
for the formation of complex oxides in the slag, which provides 
some energy to compensate for the energy required to calcine the 
limestone. The net result is an increase of 297,400 Btu in the 
total heat required for reduction {compare with Fig. 6,6-12), As 
shown in Fig, 6,6-14, this leads to an increase in the coal re¬ 
quirement to 719,5 lbs of coal. 

Fig, 6,6-15 shows a summary of the coal and oxygen require- 
rrents for each of the examples considered. This table demonstrates 
more clearly how the assunptions of 100% efficiency result in near¬ 
ly constant requirements for coal and oxygen s despite the splitting 
of the overall process into individual steps. The table also 
shows, of course, how the amount of material processed must in¬ 
crease substantially when the process is split. In actual practice, 
this necessity for material processing is a negative factor in 
the economics of splitting up the process, and presumably must be 
overcome by efficiencies elsewhere. 


*It is assumed that the oxides at 2550°F have the same heat content 
per pound as that of a typical liquid blast furnace slag at 
255Q D F, (see Table 6,6-3). 
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material and energy balance calculations in metallurgical processes 


COAL 0 7 


MATERIAL 

PROCESSED 


PELLETIZING 

COKING 

REDUCTION 

REQUIREMENT 

TOTAL 


+ 818,500 

- 2 , 862,400 
+ 3,417,TOO 

- 1,353,200 

0 


0 89.5 

624,4 547.0 

0 0 
94.9 247.2 

719.5 BB3.7 


9152.9 
1171.6 
37 27,1 
342 1 
14,393.7 


Fig* 6.6-14: Combined energy balance for three-step sub-ideal 

ironmaking process* with realistic slag and solids 

h + Incc 


net 

ENERGY 


MATERIAL 

WEIGHT jib?) 

ENERGY <Bfu} 

INPUTS 



PELLETS 

2921.3 

-7,354,500 

COKE 

4 3 9.1 

- 222.500 

limestone 

359.3 

-1,870,600 

TOTAL 

T727T 

-9..447,6O0 

OUTPUTS 



HOT METAL 

2000 0 

+ 1,164,4 00 

SLAG 

420.7 

- 2.169,600 

GAS 

1306,4 

-5,025.300 

TOTAL 

3727.1 

-6.O30.5OO 

NET 


+ 3,417,(00 





Energy balance for sub-ideal reduction process using 
pellets and coke, with realistic slag and solids 
heat loss* 
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PELLETIZING 


COKING 

PROCESS 


PROCESS 


i r 

PELLETS 

1 1 

GANGUE ° 

CO K Ef 


LIMESTONE- — -► 

REDUCTION 



PROCESS 


1 L 

SLAG, 

1 

1 

GAS 

(25SO®F. U 

HOT METAL. 



12550 a F, U 


PELLETS 

COKE 

LIMESTONE 




REDUCTION 

PROCESS 


HOT METAL. 
[2iS0 s F, LI 
► GAS 
.. SLAG. 

{25 5 0 ° F, 1} 


I 
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ENERGY BALANCES 


In conclusion, it should be stated that the simplistic nature 
of the analysis given here is recognized, but it should also be" 
obvious that the approach can be extended to whatever complexity 
is desired* One particularly useful extension is to include ste1 - 
making in the process and then to compare the pel let-coke-hot metal- 
BOF process to the pel let-reduced pellet-electric furnace process. 
Possibilities for complicating the individual process steps also 
come readily to mind. In any case, It is felt that the approach 
can be useful in separating some of the wheat from the chaff in many 
discussions of energy requirements for iron and steelmaking* 


ONE-STEP PROCESSES 
IDEAL (FIG. 2} 

1DEAL + HEAT LOSS (FIG. 12} 

THREE-STEP PROCESSES 
IDEAL {FIG. A] 

SU6-IDE AL (FIG. 10} 

SUB-IDEAI+H1AT LOSS [FIG.12} 
SUB-IDE AL + HEAT LOSS t SLAG (FIG. 14} 


MATERIAL 

COAL [|bi] (Ihtl PROCESSED (lbi) 


533.4 

491,5 

7*011.2 

740.2 

906.9 

7.576 4 

583,6 

4 9B.5 

10.3715 

570.5 

494,6 

13,692.4 

698 6 

829-3 

13.959.2 

719-5 

883,7 

14,393,7 


Fig* 6*6-15; Summary of coal, oxygen, and material processing 
requirements for examples considered. 


6,6,2 ENERGY EFFICIENCY IN THE AGE OF SCARCITY* 

; 

A measure of process efficiency that has special relevance fc 
future process planning may be called “energy efficiency 11 - It 
should be a measure not only of the fuel and electric power direct 
used by the process, but also of the energy used to produce the 
■purchased reagents, fluxes and supplies consumed by the process. 
Two related measures of this kind would seem to have particular 
value for description of metallurgical processes and products, T™ 
first. Process Fuel Equivalent (PFE), would measure only the energ, 
resources consumed by the process in question. The second, “aten 
Fuel Equivalent (HFE) S would measure the total of a ! l energy re¬ 
sources used to produce the material {product of the P roc ess) from 
ultimate raw material (ore in the ground). Both PFE and MFE are 
Inverse measures of efficiency—low values of these quantities 
correspond to high efficiencies. The defining equations are. 

PFE(BTU/unit of product) = F + E+’S-B ( 6 - 6_1 


*Wri tten by H. H. Kellogg . Stanley-Thompson Professor of Metallurg 
of Columbia University, and originally published in jj ourr.a —~-_ 
Hetals, June, 1974. Reprinted here with permission or the autnur. 
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MFE(BTU/unit of product) = PFE + R (6.6-2). 

where F - direct fuel consumption of the process, BTU/unit of product* 

E = fuel equivalent of electric energy used by the process , 
BTU/unit of product, 

S = sum of the total fuel resources, BTU/unit _of product * used 
to produce the reagents, fluxes, and other major supplies 
consumed by the process. 

B = sum of the useful surplus heat and the fuel equivalent of 
saleable byproducts of the process, BTU/unit of product. 

R - fuel equivalent of the raw material feed to the process, 
BTU/unit of product* 

FUEL EQUIVALENT OF ELECTRIC ENERGY 

Before proceeding to examples of PFE and HFE calculation, the 
somewhat debatable conversion of electric energy to equivalent fuel 
energy must be decided. Steam and diesel powered electric generat¬ 
ing plants come in a variety of efficiencies — generally ranging from 
a low of 25% to a high of 40% overall efficiency. With a theoreti¬ 
cal conversion of 3412 BTU/kw-hr. these efficiencies correspond to 
a range of 13,650 to 8,530 BTU of fuel per kwh of electrical energy 
generated. For nuclear plants the value usually quoted is 10,670 
BTU/kwh. The U,5. Bureau of Mines quotes a national average heat 
rate for fossi1-fueled steam-eleCtrlc plants of 10,494 BTU/kwh for 
the years 1970 and 1971. All calculations in this paoer are based 
on this latter value (rounded to 10,500 BTU/kwhl~ Arguments for a 
higher val"ue (lower efficiency) cna logically be based on the tact 
that transmission losses (ranging from near zero to perhaps 15%) 
are not included in the value chosen. lower value (higher effi¬ 
ciency} might be justified by recognition that a small fraction of 
our electric power is generated from the potential energy of water 
at much higher efficiency. 

PROCESSING OF COPPER ORE TO METAL 

To illustrate the meaning and general usefulness of PFE and 
MFE we will first consider the major steps in production of copper, 
from ore in the ground to wire-bars. In this hypothetical case we 
assume a sulfide copper ore of 0*7% Cu, mined by an openpit method, 
with a waste-rock to ore ratio of 2,5/1., concentrated by flotation 
(80% recovery), smelted and refined by conventional methods (98% 
recovery of copper in smelting and refining). For simplicity we 
will assume that there are no valuable byproducts (Mo, Au, Ag, 
etc.). The data will be presented without details to better illus¬ 
trate the overall significance of PFE and MFE, 

Mining data from several sources 2 ’ 3 indicate that the energy 
equivalent for open-pit mining (including the energy equivalent of 
explosives, truck tires, drill bits and other supplies) amounts to 
about 40,000 8TU per ton of total material mined* For a waste- 
rock to ore ratio of 2.5, this becomes 3.5 x 40,000 - 140,000 BTU/ 
ton of ore mined. For ore of 0.7% Cu, we find: 
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140,000/.007 = 20. x 10 6 BTU/ton of copper in ore mined. 

PFE = 10,000 BTU/lb of copper in ore mined. 

Since the raw material for mining is ore in the qround T it 
possesses a zero value of fuel equivalent* "There fore, r i n “ 
Equation 6*6-2 is zero, and it follows that: 

MFE = PFE s 10,000 GTU/lb of copper in mined ore 

Benefi ci ati on data on flotation benefielation gathered by the U.S. 
Bureau of Mines^ can be used to show that the equivalent fuel used 
for simple copper ore beneficiation is about 230,000 BTU/ton of 
ore treated. This includes electric energy for crushing, grinding, 
flotation, dewatering and material transport, as well as the equi¬ 
valent fuel value of steel consumed for mill liners, balls and 
rods, and equivalent fuel value of flotation reagents used. It 
does not include the equivalent fuel value of the ore treated (the 
energy for mining). If we convert this value to the basis of BTU/ 
lb of copper in the concentrate, assuming 80% recovery we find: 


PFE = 2 30,000 

2000 X ,007 x *8 

- 20,540 BTU/lb copper in concentrate 

20,540 BTU/lb copper recovered is the contribution of the 
benefi ci ation process, considered by itself (PFE). But the raw 
material to the benefi ci ati on process is mined ore, which itself 
required energy to produce* Therefore R (Eq. 6.6-2) is finite, 
and since it required 1.25 lbs of copper in mined ore to produce 
1.0 lbs of copper in concentrate (80% recovery) we find: 

R - MFE for mined ore x 1,25 

R = 10,000 x 1,25 * 12,500 BTU/lb Cu 

MFE = PFE + R - 20,540 + 12,500 

= 33,040 BTU/lb copper in concentrate 

Smelting and refining data from the 1967 Census of Manufacturing 
Industries* suggests that the PFE value for conversion of concen¬ 
trate to wire-bar is about 20,000 BTU/lb of wire-bar copper. Al¬ 
though the author has some doubt about the accuracy of this figure, 
it will be accepted here for want of more reliable data. 

PFE * 20,000 BTU/lb of wire bar 

The raw material for this stage of processing is copper con¬ 
centrate (MFE - 33,040 BTU/lb of Cu) and it requires V .36 = i.uz 
lbs of copper in concentrate to make 1.0 lb of wire bar, hence 

R = 33,040 x 1,02 = 33,700 BTU/lb Cu 
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and 

MFE = 20,000 + 33,700 = 53,700 BTU/lb of wire bar 

The calculated values of PFE and MFE_ are summarized in Table 
5 6-4. Inspection of these figures shows that PFE jndi cates the ener¬ 
gy resources used by a particular processing step (it is the proper 
criterion for comparing rival processes), whereas MFE accumulates 
the energy resources consumed by each processing step* with proper 
allowance for incomplete recovery,'to yield the total energy re¬ 
sources consumed in producing the particular product from ultimate 
raw material (ore in the ground). 


TABLE 6.6-4 


Fuel Equivalent for Recovery of Copper 


Process 

BTU/lb Cu 

PFE 

Product 

BTU/lb Cu 
FIFE 

Mining, open-pit 

Benefi elation * flotation 
Smelting and refining 

10,000 

20,540 

20,000 

mined ore 
concentrate 
wi re-bars 

10,000 

33,040 

53,700 


GENERAL FEATURES OF PFE 

The justification for inclusion of the fuel equivalent of 
major reagents, fluxes and supplies used by the process (the 
quantity S i n eq. 6.6-1) in calculation of PFE can.be made clear 
by simple examples. Consider a smelting process which uses 0.1 
gal. of residual fuel oil to smelt one pound of metal when air is 
used for fuel combustion. It is determined that the fuel con¬ 
sumption can be reduced to 0.07 gal of oil if the combustion air 
is enriched with 10 ft 5 of 99% oxygen per pound of metal smelted. 

If direct fuel consumption, F, is alone considered, the use of^ 
oxygen enrichment shows an obvious energy advantage. But it re- 
quires energy (electricity or process steam) to produce the oxy¬ 
gen, so the question must be asked: is the saving in oil more or 
less than the extra fuel required to produce oxygen? Calculation 
of PFE for both alternatives would answer this question. 

As a second example, consider the choice between two alter¬ 
nate routes for recovery of copper from dilute dump leach solutions 
the first by solvent extraction, and electrowinning and the second 
by cementation with iron, followed by smelting and reiining of 
cement copper. The former route consumes LIX reagent and kerosene*, 
both of which require energy for their production, and eiectric 
energy for electrowi nni ng and general process energy (pumping* 
agitation, etc.). The latter route consumes iron that requires 
energy for its production, plus fuel* fluxes, and electric power 
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for smelting and electrorefi ning Calculation of PFE* with proper 
account of the fuel equivalent of supplies (LIX, kerosene, iron, 
etc 1 can answer which of these very different processes makes 
greater demands on our scarce energy resources. 

The formulation of Eq. 6.6-1 for PFE considers only the . 
fuel equivalent of consumable supplies for the process It can be 
Tue , rnmol^te enercy analysis should also include tne 

argued that , f f raoital equipment amortized over the expected 

energy equi valent of cap- q P f ^ view cannot be qu5Stionedj 

lue of the plant, me vai 3 ^ usefulnesSj the more re _ 

b ^f JpH t dpfin1tim t of PFE should prove more useful. The fuel con¬ 
stricted definition ou between mine and plant has also 


TABLE 6.6-5 

MFE For Reagents, Fluxes and Supplies 

, MFE, BTU/lb 

Item 


Limestone or silica flux 

Oxygen, -98-99% 

Sulfuric acid, cone 
Lime 

Coke Breeze 
Coke, lump 

Iron for Cementation 
Explosives 
Steel Mill Shapes 
Soda Ash 

Flotation Reagents, Organic 

Armenia 

Chlorine 

Sodium hydroxide 


50 

1,600 
1,400 

2.500 
10,000 
15,000 
10,000 
15,000 

18.500 
19,000 
20,000 
25,000 

14.500 
14,500 


_ ■ r_ c it included in ordi 

The byproduct factor, B, in Eq 6 h . 6 -l Q d uce useful byproduc; 

to give proper credit to P ro ““® , 'power, or byproduct materia, 
useable surplus heat, fuel, e ectrie P^ ceS s in question. R 
which can be sold or used 0 “L™*thin the process should; 
covered heat or other byproduct - produce very significant 
not be included in B. Some Vot-ovens produces 

amounts of byproducts (product oil and other byproducts 

coke, breeze, coke-oven gas, tar, ngn ^ ^ well as zinc), M 
the Imperial Smelting Process P st rong influence on 

in such cases, the vaiue of B can exerc 

PFE for the main product. ' | 

Calculation ^rS„ 6.6-1^ 

'?JoSls MFE TC° r ai"So!”lio »y wist to -aka sued calculations. 






































Table 6.6-5 lists some of the author's rough estimates of MFE 
values for supplies commonly used in metal 1 urgi cal processing* 


TABLE 6*6-6 


PFE and MFE for Iron Production in the Blast Furnace* 
(average performance of U.S* industry in 1970) 



Amount/ton pig 

MFE,BTU/unit 

BTU/ton pig 

Fuels r 

Residual oil 1.5905 gal 

Tar and Pitch .4629 gal 

Natural gas 484.4 ft^ 

Coke oven gas 90.8 ft^ 

Blast Furnace gas 17339, ft 0 

Coke .6504 tons 

150,000 BTU/gal 
150,000 BTU/gal 

1 ,000 BTU/ft 3 
550 BTU/ft 3 
95 BTU/ft 3 
15,000 BTU/lb 

238,575 

69,435 

484,400 

49,940 

1 ,647,205 
19,512,000 

F - Total Fuel 



22,001 ,555 

Flux and Reagents: 
Oxygen 

Limestone 

147,3 ft 3 
.1554 tons 

132 BTU/ft 3 
100,000 BTU/ton 

19,444 

15,540 

S = Total Flux + Reagents 


34,984 

Byproducts: 

Blast Furnacegas 49261, ft 3 

Coke Breeze .0171 tons 

95 BTU/ft 3 
10,000 BTU/lb 

4,679,795 

342,000 

B - Total Byproducts 



5 ,021 ,795 

Raw Materials: 

Iron Ore 
Manganese Ore 
Agglomerates 
Scrap 

Cinder, scale 

0.4162 ton 
.0092 ton 
1.1872 ton 1 
.0352 ton 
.0591 ton 

100,000 BTU/ton 
100,000 BTU/ton 
,200,000 BTU/ton 

41,620 

920 

1 ,424,640 

R = Total Raw Materials 


1 ,467 ,180 

PFE = F + S - B = 17,014,000 BTU/ton (8,507 BTU/lb pig), 
MFE = PFE + R = 18,431 ,000 BTU/ton (9,240 BTU/lb pig). 


* Based on data from Minerals Yearbook, 

1970 (6). 



PRODUCTION OF IRON IN THE BLAST FURNACE 

In Table 6.6-6 the iron blast furnace has been used as an 
example of detailed calculation of PFE and MFE a including the 
efrects of the terms S, B, and R. The data employed do not apply 
to any single f pm ace. Rather they represent composite data for 
the average performance of all.U.S, blast furnaces in 1970, as re¬ 
ported by the U.5. Bureau of Mines,^ 
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The wide variety of fuels listed in Table 6,6-6 reflect both 
the composite nature of the data employed and the fact the blast 
furnace process uses fuel for a variety of purposes-rinjection 
through the tuyeres , preheat of blast, blast compression and to 
generate electrical power for plant operations. Coke remains 
the predominant fuel and reducing agent. The value of MFE for 
coke used in Table III (15,000 BTU/lb), represents not the heatinc 
value of coke (about 13,100 STU/1 b) but rather the fuel equiva- y 
lent required to make coke from coal, with proper allowance for 
the byproducts of slot-oven coking. 

No item of purchased electric power is listed for the blast 
furnace operation by the Bureau of Mines review^ so that E (Eq 
6,6-1) has been assumed to be zero in Table 6,6-6, This assumption 
will only be correct provided that all electric power actually 
used is generated from the fuels listed in the table. 

Blast furnace gas and coke breeze are recovered as bypro¬ 
ducts of the blast furnace process. The excess of recovered gas 
over that used for blast preheat is used in other processes 
(steelmaking, fabrication, etc.), and represents an energy credit 
to the blast furnace process, as shown in Table 6.6-6. Coke breeze' 
also represents a small credit to the process. 

The pig iron produced by the process comes from the variety 
of raw materials listed in Table 6.6-6. Scrap, cinder and scale 
are shown with zero values of MFE, because they are recycled 
products, but for ore and agglomerates estimates of the fuel equi¬ 
valent for mining, beneficiation and agglomeration have been used 
to derive finite values of MFE. The increasing use of high grade 
pellets and sinter (agglomerates) as feed to the blast furnace 
has helped to increase furnace capacity and to reduce coke rate, 
but, as Table 6.6-6 shows, the energy saving on coke rate is partly 
compensated by increased energy consumption for preparation of 
agglomerates. 

The PFE for the blast furnace process ("8,500 BTU/lb of 
pig) is low for a metallurgical process, indicating a relatively 
efficient operation. MFE for pig iron is only marginally larger 
than PFE because the raw materials are derived from relatively 
high grade ores that require only modest energy inputs per unijt 
of centalned 1ron . This contrasts with the case of copper, where 
the low grade of ore causes a wide spread between PFE and MFE 
for the smelting and refining step. 

CONCLUSIONS 

Over the past several years the author has used calculations 
of PFE and MFE to compare rival copper smelting process and to 
compare the energy used for production of various primary and^ 
secondary metals. 0 Some conclusions of interest from these stu¬ 
dies are discussed below. 

For smelting of copper sulfide concentrate, the flash 
smelting process^’ lU uses less than half the equivalent Tuel ot 
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rhpraterv When commercial oxygen is used in flash 
firing? the equivalent fuel consumption is still lower The 
s1 rnntinuous copper smelting processes (Noranda 12 and Mi tsu- 
bish? 5 ) also use significantly less equivalent fuel than the 
reverberatory. When these energy aovantages are coupl ed w, 
thP advantaoes that these new processes enjoy witn respect to S0 2 
ScoveS {contiguous production of 10-12% S0 2 gas) the combination 
Offers a powerful challenge to the conventional reverberatory. 

Reliable operating data for new hydrometallurgical flow- 
ch^ts for recovery of copper from sulfide concentrates have not 
vAt been published. Reasonable estimates of energy consumption 
for the major unit operations of several such processes, however, 
Sow values of PFE which are about 2 times large r than for con- , 
nt-innal ctt^i tina and refining. Thus tne popular view that hydro 
metallurgy uses less energy than pyrometallurgy_may be in serious 
fm!r, particularly""for those flowsheets employing the energy- 
intensive step of electrowinning. 

Most of our current metal extraction processes were con¬ 
ceived at a time when energy resources were P le ^ fu ] 

j .rant attention was paid to energy conservation in these pro 
demons Accordingly we possess excellent opportunities for 
energy 6 corservation through redesign of,processes A though much 

can be done to inprove the energy efficiency o. existing p 
cesses through recovery of waste heat, more significant contn 
butions will come from radical new designs, conceived from tn 

SI? ^ h eviM?S^rd e S;ignt \ 

"manufacture which uses 30% less energy than the very energy- 
intensive Hall process. 

The author hopes that PFE and MFE, or some similar measures 
of enerqy efficiency, will become widely used yardsticks for Idle 

comparison of new aJd old metaTlurgical processes an^^ 0^0 to. 

Purveyors of new processes owe it to their client 5 s P ,, 
si on and the public at large to provide ready comparison of thei 
processes to others, both with respect to cost and equivalent 
fuel'consumption. PFE provides a quantitative basis fc T ^ 
Tatter co^arison. MFE for fabricated metals Prides the mator^ 
ials engineer with the data necessary to,gauge the effect of 
material substitution on energy consumption. 
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Further Reading 


Appendix C contains a Bibliography of Material and Energy. 
Balances on MPtall ungical Cement, and Lime Processes . The reader 
is referred to that document for many Further sources of detailed 


information on energy balances. 


For general references, refer to the general texts listed 
in Chapter 4. 
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pra ctice Problems 

— “ . L 
5 1 The process flow diagram for a straight-grate iron ore 

pelletizing plant is shown below* Sketch a San key diagram 

for this process. _ 



6 .2 Write a Fortran Program to find the AFT for the problem 
described in Example 6*2-2. 

6.3 Find the ART for a mixture of 30% steel shot, 70% stoichio¬ 
metric A1 + Fe^On. How much steel shot can be mixed with 
the stoichiometric A1 + Fe^Oi mixture to achieve an ART of 
1800 C? 

6.4 At what temperature will the condensed phases leave the 
(idealized) process in Fig, 6,4-3 if the AFT is reduced to 
1650 K? 

6.5 Make an overall energy balance on the process shown in Fig* 

6*4-5. Assume that the H?0 content of the wet pellets is 
9%, and that the fuel used is oil with a net heating value 

of 40,000 kJ/kga. that 80% of the theoretical air for oil 

combustion is supplied as primary air, that the 1 st £ 2 nd 
stage cooling fans run at the same air flow rate, and that 
1.1 kg of process gases are provided per 1.0 kg 

6.6 You are assigned to cool off a heat of steel which is liquid, 

but too hot. It weighs 90 tons and is at 310G°F, You want 

to add cold ( 77 °F} steel to it to lower its temperature to 
290G C F, Assuming no heat loss from the furnace, how many 
lbs. would you add? ^ Assume all thermal properties are 
thos-e of i ron. 




ENERGY balances 


6.7 


Calculate how much coke breeze is needed to h ca+ . * A 
bed to 24QCTF. Assure the materia' is g 0 % fS n Wr% 
and 4% Si Op. he 2°3* CaC0 3 



Assume the reactions CaCOs ^ CaO + CO? 

and CaO + Si0 2 -+ Ca 0 -Si 02 
C + 0 2 -+ C0 2 

go to completion. Assume the incoming and outgoing air are 
at room temperature. Assume an adiabatic system. Use as 
a basis for your calculations 1 short ton of sinter mix 
containing 10 % 


6*8 Producer gas of the following composition: 


Carbon monoxide 

28% 

Methane 

r\ot 

C-k, 

Carbon dioxide 

4% 

Water Vapor 

1 & 

1 h 

Hydrogen 

4% 

Nitrogen 

61% 


is^bumed with 10 per cent more air than theoretically re¬ 
quired, both air and gas being preheated to 1OO0°C* 

Calculate the theoretical maximum temperature of the flame. 

6.9 In iron foundry cupola 14 metric, tons of pig iron are 

melted in one hour, using 1.5 tons of'coke (90 per cent 
carbon). The gases passing away contain by volume CO 13 
per cent*, C0 2 13 per cent., nitrogen 74 per cent*, and 
leave the cupola at 500 D C. One ton of slag is formed and 
tapped. Assume typical cupola slag and pig iron analyses. 

Calculate: 

(1) The net melting efficiency of the cupola. 

( 2 ) the proportion of the calorific power of the coke 
lost. 

(a) By the sensible heat of the hot gases 
escaping. 

(b) By the imperfect combustion of the coke, 

(c) By radiation from bottom and walls of the 
cupola.■ 

6*10 Leach liquor is partially stripped of Zn ions by electroly¬ 
sis. The initial analysis is 80.6 grams per litre Zn and 
the after-electrolysis analysis is 25.0 grams per litre. 

The current efficiency is 64.8%, and the voltage is 2.55V. 
What is the electrical energy consumed per kg of Zn de¬ 
posited? 

















































APPENDIX A 

Basic Properties of Matrices 

by 


Daniel T, Hanson 

(Reprinted by Special Permission from 
CHEMICAL ENGINEERING (June 15, 1970 
Copywrite (c) (1970), by McGraw-Hill, 
Inc,, New York, NX 10020.) 


A matrix is denned in terms of a set of elements. 
The mathematician asserts that the elements, may be 
from a collection of objects called a field* However, 
this involves an additional step of abstraction that 
seems neither necessary nor useful in this introductory 
series. The elements of concern here are from the set 
of objects called real numbers or from the set called 

complex numbers, ^ 

If the matrices have elements that are all real 
numbers, they are said to be defined over hie real 
field. If the elements are either real or complex, 
the matrices are said to be denned over the complex 
field* - 

Thus, the reader will be working with examples o* 
'more-general lands of objects. While many of *e rules 
carry over without change to general fields, there are 
instances where they do not. This should be bom* ^ 
mind by the reader who may wish to extend the ideas 
presented in this series. 

The term "element" (as used here) is a real or a 
complex number. This may be a constant or the value 
of a function. An array of elements that are (or, can 
be) arranged in rows and columns is a matrix. If there 
are m rows and * columns. It is called an m by * 
matrix. Typical examples are: 


""an ■ ■ 




a^i o-n ’ ■ 

■ -a** 

n 3 2 1 

,b * 0- 

X; 

flu!' 



— 2 "— 


[ri, xi, ■ ■ ’» s»l (1) 


. Thus the arrays given uy&M- .- 

m X 1, and 1 X tn matrices, respectively. The sym¬ 
bol a, : denotes the number in the P row and \ col¬ 
umn of the matrix. In the second matrix of Eq* U). 
c 12 - 3, Hence, a matrix is specified once die number 
nf tows m, the number of columns n, and a real or 
comolex number is specified at the intersects of each 


row' and each column. The Following symbols are used 
to denote such a mahtix: 


to! 


a ii - -Olk 

3 il £Sa ‘ ■ - Ein 


( 2 ) 


_o*i ■ a 

Note that brackets axe used to ensure that a matrix 
will not be confused with a determinant A determi¬ 
nant is a single number; a matrix, an array of numbers. 

It will prove particularly convenient to list the 
following properties for matrices; 

* Equality—Two matrices are equal If, and only 
If. they have the same number of rows and columns* 
and corresponding elements are equal. 

* Addition—Two matrices can be added if, and 
only if, they have the same number of rows and col¬ 
umns, Their sum is the matrix formed by adding 
corresponding elements of the original two matrices. 
Addition, is commutative* that is: A + A — B + A w 
This is established by: 

laid + 1 M - to + h ti \ - [ 6 ^ + - to! + toil 

The first equality is From the definition of addition. 
The second is from commutativity of addition for real 
or complex numbers (the element is unchanged by 
the order of addition). 

The third equality is from the definition of addition 
for matrices: 

(A-j-Bl + C- A-HB-ECl-A-fB-hC 

Hence addition o£ matrices is associative. This is 
established from the definition of addition, and the 
known properties of real or complex numbers: 

(to! + toH' + " W r + H T l ^ 

tad + <im + i«d) - m + N +fed 

In short, the order of addition is immaterial. 

















, Edition of three matrices, by whoever order 
h ; d dmon of correspo^g eWets « -ccoo, 
h ed, is denoted by: 


A 4- * + C 


, The Zero matrix 0 T is defined as that matrix 
i tac 7 ero as each element 
Multiclick by * ^lar-The scalar moldple 
, matrix is that matrix in which each element o. 

original matrix is multiplied by the scalar. If 
(.presents the scalar, then: 

Had - lfco.il - M* 


Vote that multiplication by a scalar is commutative. 
‘ left-most and right-most sides of this expression 
;an the same thing, and either is deSned by the 


rjtral tcirri- _ . i j 

* Negative (additive inverse) of a matrix: 

eaos 


ult[plication of Matrices 

Two matrices, A and 3, are said to be conformable 
the given order if A has the same number of col- 
mas as B has rows. 

M id tiplication is defined only for conformable 
, a trices, and only in the order in which they are 
jnformable. 

if A has m rows and p columns, and fl has p rows 
nd n columns, then the product AS is a matrix that 
a* m rows and n columns. This product is defined by: 

KHM -[j^siar] W 

M X V P X u »K X « 

In Eq. (3), the dimensions are shown below each 
matrix. In expanded notation, the product is given by. 


'fliifltt’ ■ ■ Cl* 

On»s ‘ " '°*p 

fltl flit ■ * ‘Oi> 


""fcu — ^i' 

tn, bn • ■ -fc|j - ■ T 6l* 


_0-^l Qmf ■ ’ Q " J_ 


i* column 
1 


I* TOW * 

--► ■ ■ - £ Oil fcif * ■ 

fc-1 


J 


(A) 


Thuff the element in the I th row and column of 
the product is formed by what is called the "dot prod¬ 
uct" of the P* row-vector of A with the P column- 
vector of B (multiply corresponding elements of each, 
and sum). 

By reference to Eq. (4), it can be seen that prob¬ 
es may arise in cases where a row' vector of A does 
. .if have the same number of elements as a column 
vector of A. Multiplication of corresponding elements 


of such vectors is not defined because there is not a 
one-to-one correspondence of elements. 

The above ideas may be made clem by a pair of 
problems. Problem 1: Is the product AS equal to the 
product BA? (In other words, is multiplication com¬ 
mutative for these matrices?) 


!"bxr 


A 


«*■ fan a ul. E *■ 


bu 

_£hs_ 


The product AS is a single number (a 1 X 1 ma¬ 
trix): 


AM *= flu tu 4- flu &js + flu 

On the other hand, the product SA is a 3 X 3 matrix: 


BA ■ 


frufln &uflis &u a u 
fejjflu &Ji a u bifflu 
biiCn N;flu_ 


Problem 2: Is the product AS equal to the product BA 
for the following matrices? 



-hr 

r a sl 5 t 3 fluH 


\ B = \ 

hx 

L 3-si Cttr a ~n J 

_bji_ 


Note that A and & are conformable in that order. 
They are not conformable in the order S, A, Thus, 
while the product as is defined, the product SA is not. 
Generally, multiplication is not commutative. This 
must always be kept in mind when multiplying mat¬ 
rices (or matrix-valued functions). There are a few 
important cases in which commutativity does hold. 
Some of these will be discussed. 

The following properties of matrix multiplication 
follow' from the definition of the product, and the 
properties of real or complex numbers. 

Multiplication is distributive over addition, that is: 

(A + B)C - AC + BC 

D{A +B) = DA+ DB 
This first equality is shown by: 

floql 4- [M)faul w fa*/ 4- M fafil 
■■ [I ■ fa;i -f- &ii)Ci|U — 4* 

1 i 1 

“ 4 [£b;>Ci] * AC 4- DC 

k 

The second equality is similarly demonstrated. 
Multiplication is associative, that is: 

{AB)C - A(BQ - ABC 

If ordering of the matrices is preserved, the se¬ 
quence in which the multiplications sue accomplished 
is immaterial. This is shown as follows: 


(fad 

m X V 



U°H 

m X q 

fakforfarj = ]" j 


[hit)) fai 
p X q qXn 


fad 

mX? jX« 


[To avoid confusion, an index I is used in the second 
sel of sums.] The last equality follows since the order 


cl summation of the numbers is immaterial (note that 
this is an m X n matrix). The right-hand side is 
just A{flC)' we started with (AB)C, The common re¬ 
sult is, therefore, just as well denoted by ABC, 

Notation and Common Matrices 

A matrix is called a square matrix if it has the 
same number of rows as it has columns. If a matrix 
is say, 4 X 4, it is caEed a 4 u -order matrix. Ii 
n x n, it is an n^-order matrix. The term order 
is used only for square matrices. 

For an reorder (square) matrix [%L the elements 

of the set la*, i = 1.n \ said to be on the 

main diagonal of the matrix. The main diagonal runs 
from upper left to lower right, and b formed by elfr 
ments at the intersection of each i* 1 row with the ^ 
column. The term “diagonal element” refers tmly to an 
element on the main diagonal. 

A square matrix with each diagonal element not 
zero, and zeros elsewhere, is called, a diagonal matrix. 
Thus, the following is a fourth-order diagonal matrix: 

0 0 0" 

0 a- 0 0 

0 0 on 0 

_G 0 0 C+J 

■Eq. (4) will be helpful m verifying that: 

1. Fremultiplicaticm of a matrix [bij] by a conform¬ 
able diagonal matrix fail gives a matrix in which each 
element in the i* row of [bij] is multiplied by a* or: 

M fairl - 1 +&A 

%. Fostmultiplication of a matrix [bij] by a con¬ 
formable diagonal matrix fo,] gives a matrix in which 
■each element in the f* column of [by] is multiplied by 
d fJ . That is: 

fai,l fa/fl E 

The diagonal matrix with cfe = 1 for each i, is 
called the identity matrix and is denoted by l The 
terms *3dem" matrix and “unit” matrix are also 
common, but will not be used hem. From the relations 
just reviewed, it follows that J[fty] = [M, ^ 

- [b j} } for any matrix [hi ]-provided that I -is the 
correspooding conformable identity matrix. Note that 
[f S Ls a square matrix, then I commutes with B under 

multiplication. * 

A triangular matrix is a matrix in which all elements 
above or below the main diagonal are zeros. Such a 
matrix is called a lower triangular matrix, or an 
upper triangular matrix, respectively. The following 
are examples of a fourih-order lower triangular matrix 
and a fourth-order upper triangular matrix: 


"cu 

0 

0 

0 " 


"flu 

flu 

An 

0i" 

Ozi 


0 

0 

and 

0 

o±i 

flu 

Gw 

On 

All 

Sit 

0 


0 

0 

Oa 




** 



_G 

0 

0 

o+w 


The determinant of either a triangular or a diagonal 
matrix is the product of the elements on the main 
diagonal. 

The inverse of a matrix (if there is one) is defined 
only for square, matrices. For the moment, the inverse 
or a square matrix A is defined as that matrix which 
wheo poscmultiplied or premultiplied by A produces 
■the identity matrix. That is, given an n^-order matrix 
A, a second n^-order matrix A-* is the inverse of A jf: 


A~ l A = J = Art -1 

(Existence and uniqueness of the inverse follow from 
s more basic definition that will be given later. For 
the moment, it is merely stated that if a matrix has 
an inverse, then, the inverse is unique.) 

The transpose of a matrix is defined for matrices 
of any dimensions, and is formed by interchanging its 
rows and columns. The transpose is denoted by a 
superscript T, or otherwise. For example, given a 
matrix: 


■fad 




A* 


"flu 


fin 

■ ■ ■ fli» ■ 


On 

fla 

ffl^ 

JW ^ 

! O-J 



wXn 


insposej 

and 

the e 

row of A v are: 


" flu 

osi- ■ 

■Owl " 


Vll 

fl*i’ ■ 

-fl*i 

- 

«w 

On - ■ 



_ Gi, 

a lM 



■ fa*;] 


4 i|% 
v::.••ri 


s4t 

Iff 

?Mjp 

iiir 
p-K 
4- i w. 

ST/A 

mk 


_-r. • J 

A symmetric matrix is one for which A = A T or. : 7 .'-P' 
equivalently ay — a ti for each j and i. A symmetric -• d 
matrix must be square; otherwise the equality does T'T 
not make sense. v ; ’ 

For example, the following represent fourth-order ' • i ff 
symmetric matrices: 

tw 


"1 

5 

4 

2" 


"flu 

Oil 

All 



-an 

flu 

flu 

flu" 

5 

2 

l 

6 


fl^i 

On 

fla 

<La 


flu 

An 

On 

flu 

4 

l 

3 

1 


flu 

flp 

Gji 

au 


a r ii 


flu 

flu 

J2 

5 

1 

4_ 


_fl« 

C^J 

av 

fl«_ 


^.flu 

Oil 

0u 



A vector is an ordered n-tuple of numbers, and may 
be represented as: 

" ii 




or x T - \xi, zi t 


The two representations above are the same vector 
crept for the way in which mBtricei cf*rai* ofi (nr 
re operated on by) the vector, Thot, ti» Vi 
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, ( anft v 1 fnatrix—sometimes 

^ 3 matrix). On the other hand, the 

d * ™ ^ a r is called a row vector (i 1 X n 
=P°Ven Xalkd a row matrix). The transpose 
be used throughout this series to denote 
vector- Otherwise, the vector is to be considered 
ihicno vector.’ 

( and Column Operations 

. even matrix A, it has been demonstrated that 
^ ^ .'q t the conformable identity matrices, 

Tj pre _ or p os tmultipli cation by I does not change 

“Mother hand, consider the matrix formed by 
^Changing two rows, say the i“ and !“ rows of 
^ the resulting matrix h,,. Premulbplicahon of a 
' matrix A by the conformable Is,, matrix inter¬ 
nes the It* and 1“ rows of A. For sample, h.< 
a pretnuldplier interchanges the second and fourth 
v r S of a matrix as illustrated: 


-1 0 0 o o' 


_ fll[ All 


^"aji flu All 

0 9 9 1 0 


Oai Ap A-n Gh 


Alt Ad Qfi 

0 0 1 o o 


flu All All °IA 

- 

flil Si! a « 

0 1 0 0 0 


An £u An 


a-: flt! An Ai* 

J) 0 0 0 1_ 


^_Sii Ail Au Dh_ 


A» flii ^A*a_ 


mibrlyv postmultiplication of * by I* t i inter- 
ges the and 1“ columns of A. 
ippose that an element in the second row and 
h column of / is replaced by a scalar £. As 
emultiplier, this matrix changes the second row 
by adding to It (element by element)* £ times 
corresponding element of the fourth row: 


1 

0 

0 

0 

0*" 


- siii 

All 

An 

in" 

Q 

I 

0 

& 

0 


All 

an 

Aj3 

An 

Q 

C 

1 

0 

0 


All 

an 

an 

An 

0 

0 

0 

1 

D 


Aft 

Ac 

A 41 

Au 

^0 

0 

0 

0 

1_ 


_an 

All 

ah 

Alt_ 


" On 

Qn 

An 

All 

All 4- 

As 4" 

AiJ 4- 0A*J 

Am + ^A*Ji 

flu 

Ail 

Ou 

An 

Oil 

flu 

flu 

a«4 

* Ail 

All 

Ah 

Oh 


In general, let I{fc, I, 0) denote the identity matrix 
rith the element it the Jc^ row and I 16 column re- 
placed by a scalar /3. Given the conformable pre- 
multiplier I (Jq £, fi) multiplies elements of the 
Ow by 0 and adds them to corresponding elements 
sf the Jt lh row h providing fc ^ L If Jfc — 1, a diagonal 
slement of J has been replaced by ft (in the k** row 

_ r ‘ 

Hg|-« fh-a.1 l^tr-nsit fceiW'fnc* A-yniboli tlinefi WfflQes, Copilol 
5* t-c.-d (a c ■ dln*H« motric*! Ihe! m-ay No** Ihon *** 

tiluiFin qrwj mar* tbosi on* r*9». 


and fc Lh column). Thus, I{K k t $) as a pre multiplier, 
multiplies elements of the fc tb row by 0, 

As a conformable postmultipliei, I(fc„ I, £) T multi¬ 
pi tes the column of A by ft, and adds it to the 

l ti» column, provided i ^ I. If k ~ L then I(k P kj ^) 
as a post multiplier, multiplies elements .of the 
column of A by ft. _, 

Gauss-Jordan Reduction 


Given a matrix A, the premultiplier I [I, 1, (I/ffn)] 
multiplies each element in the first tow of A by 1/flu 
(unless an = 0). If the resulting matrix is then pre- 
mul tip lied by 1(2, 1, -a*), the second row is changed 
by adding to each of Its elements — £21 times the cor¬ 
responding element of the new first row. That is. 


I ( 2 , 1 * —Dll)/ 



A 


"X fl H W a,,^- mJn- 

0 an m aa CJ) “-'^ C11 1 

fljl At: Ah L ‘ ‘ Gl * 


(5) 


Ln^ Om* Ami 1 ■ 'A™* 


If the result of Eq. (5) is now premultiplied by 
the product of the sequence of matrices: 


I{m,h- h I, ’1(4,1, -te)2{3,l|-on) 


the result is: 


\~l a a w flu 10 ■ ’ nnt itJ ” 
0 

0 a= E i! ■ ’ 

0 u^jio ■ ■ 


( 6 ) 


Eq. {6) is the first step' of either Gaussian or of 
Gauss-Jordan elimination. These procedures were 
presented .n previous articles (Chem. Eng., Apr. 6, 
1970, p. 119; May 16, 1970, p, 153) in terms oF a 
system of simultaneous linear algebraic equations 

(SLAE's). ; . 

If in the matrix of Eq. {$)> number. » 

not zero, then the following sequence [as a premulti¬ 
plier of Eq. (6)]: 


J(rm,2 p —&mi aj )’" “ 

1 (3,2, -a n ™)I HA - 




( 7 ) 


gives: 

”1 0 flu W - ’ " 

0 1 flu® - ■ W* 

0 0 a B *»--A,> 


( 8 ) 


J) 0 

In general, once the (! - l)‘ l matrix is formed 
in which each of the first (I - 1) columns has a one 


as the diagonal element acd zeros elsewhere], the 
next sequence of premultipliers is: 


For example, suppose that we were considering 
the following set of m sums: 


\k~l 


r (‘ A Bit 11 ' 11 ) 


(9) 


provided that: 

tt u u-» ^ 0 

Note that Gaussian elimination is described by 
replacing the product symbol in Eq, (9) 


n 

k - 141 


Ev reference to the set in Eq. (5), (7) « t ')> ' 
can be seen that difficulties arise if the f! - A J 
calculated array has the diagonal element fla 
equal to zero. In this case, count elements down the 
|IS row until we Bnd an element that is not zero 
(or else, End all zeros). Note that to count subsequent 
elements in the row is to count by columns. If a non¬ 
zero element is found, then that column is inter¬ 
changed with the i“ column. This interchange can 
be accomplished by the appropriate postmulbpher. 
The computations then proceed as previously outlined. 
However, if the SLAE's Ar -- *, are being solved by 
elimination, two of the variables in vector ^ should 
be renumbered if two columns of A are interchanged 
In'the previous paragraph, suppose that Ou 
=0 and as we count down the row we End nothmg 
but zeros. This whole row of zeros can be interchanged 
with a nonzero row below it (if there is one,. On 
the other hand, If all elements in the 1“ row as well 
as all elements in the row below it are Zeros, the 

process is finished. . . _ „ 

In general, given an m X n matrix A, the Causs- 

c .hi i _* «.£ in** tATTTi : 


m - T m. rowa 

of ceros 


qoo-- 

■0 AL.r+l W 


-•fli..W" 

0 10- 

■0 fll.r + l C,i 

fll.r+l lrJ - 


0 0 0‘ 

■ l 

n^+. M ■ 

■ "Ar,!^ 

/ 0 0 o 

0 0 

0 

0 

ILo 0 o 

0 0 

0 

i j 


( 10 ) 


■fluat + -i— ■ 4- al^o,* 


(ID 


fUiOi + t J *' d - Omni a, 

where ai through a* arbitrary (perhaps uuknowm) 
constants, and &in (some number) is the coefficient 
of a; in the I th sum of Eq. (II). On the other hand, 
n, is the coefficient of ^ for any i from 1 through m 
in Eq. (11)- 

Certainly, Eq. (11) can be written as follows, be- 
cuuse the definition of multiplication assures that Eq. 
(12) is the same as Eq. (11): 

“ttu ■ - -Oi* ” ~ a ^ 

- im 

Of course, Eq, (12) can be written as: 

Aa M 

On the other hand, all of the coefficients of ar 
in Eq. (12) can be arranged in a column and multi¬ 
plied by au the coefficients of ^ can be arranged in a 
column and multiplied by a 2i etc., and the results 
added, to give the representation: 


(14) 


The definition of multiplication by a scalar, arid of 
addition of vectors or matrices, assures that Eq. (W 
means the same thing as Eq. (11), {12} t and (13). 

The bracketed columns (column vectors) m kq. 
(14) are just the columns of matrix A [the left-most 
matrix of Eq. (12)1- Since matrix A undergoes no par¬ 
ticular change in meaning in respect to the way it * 
written, we could just as well write A as: 


(15) 


"An" 

! 

"Aw" 


^r 

Qji 

' 

4- et 

an 

4- - ■ ■ 4- 

Aba 



lUai_ 


-A-9,^ 


Note that the number r in Eq. (10) is determined 
by this procedure. In his o'™ problems the reader 
can count the number of rows of zeros. The numbers 
m and n are known since A is -given. 

The integer r turns out to be a rather important 
little devil. It is normally calculated as a ^T rt ^ u 
of an elimination process. The idea of ran* will be 
considered in the next article. 

A Collection of Miscellaneous Relations 

The number of representations of a given^ maffi- 


"o,, - 


"Ail" 


■flu 7 

du 




Am 

_A-1, 



5 ' ’ V 



Matrix A can be considered as a ejection of 'vo¬ 
ters. The elements of a vector are ^ f^d 
components of the vector. Thus u 
component in the third vector, and a„ is the 
pjnt of the r vector in Eq (13). [A ° 

Lh vectors will later be eahed a vector subspace 1 
If we agree to denote the first column of , 

fir, vectofoE Eq. (15), W ^ ^ ^[ 
the (* .by ■„ ... ate., then Eq. (15) might be wn 

“ ,<1 - 














































t, rflt :kets when discussing matrices, Eq. (IS) 
S*f ^ changed If enclosed in brackets.) 

*T ving agreed to denote the r°* column by Of, Eq. 

( uyc** be ™ tten ^ 

ajOi + “flO: + --b 

_ o presentation of Eq. (17) has precisely the 
* meaning as Eq- (H)* C 13 ) ^ 14 1 ‘ 

- (17) ca* al5 ° ^ ^ *i^t: 


&J 




X ajtip 
f -1 


I s 3 ^i; t - 1, 2, TTS 


as) 

( 10 ) 


- < 1D-C14), (17)-(19) represent the same 

Vi' ct The particular expression that is used is a 
0 J ^ ter D f individual choice. However, one expression 
^ ¥ be more useful in a particular, problem than 
pother. What object do these represent? Each of 
d f etn represents a vector of m components; the vector 
k described when each o,/ (hence, m and n) and 
ch ai are specified. The terminology that is used in 
conjunctiva with Eq. (11) through (19) is abundant, 
author wishes to denote some object by the 
bol □- The obvious choice for such an object 
would be a box. However, the author wishes to choose 
a n object for which multiplication is well defined. 
Therefore, let □, denote the f* rabbit in a hutch 
„f n rabbits (D t - 1 rabbit, the f h one), At some 
later time, the author may find that the number of 
rabbits in his hutch has increased by: 


ciiQl Hr QfiDt + ■ ' ■ -f a.Q, * s 


( 20 ) 


where the a's are constants (some may be zeros de¬ 
pending on gender or other factors). 

Any objects, each multiplied by a constant and then 
summed, are called a linear combination of them, pro¬ 
vided that scalar multiplication followed by addition is 
defined. Thus, Eq. (20) might be called a linear 
combi nation of rabbits. If ci through a* are constants, 
then Eq. (14), (17) and (18) are a linear combina¬ 
tion of vectors. 

In order to define linear dependence, suppose that: 


£ a/Of ■ 0 
i-i 


( 21 ) 


If there are constants u- through a.„, not all zeros r 
for which Eq. (21) holds, the vectors through o m 
are said to be linearly dependent. Otherwise, the 
vectors are said to be linearly independent. 

'Note that if there is at least one nonzero constant 
for which Eq. (11) holds, then at least one of the 
linearly dependent vectors can he expressed as a linear 
combination of others in the set. Also note that the 
question of whether or not a set of vectors is a linearly 
dependent set is to ask if there is a solution of: 

Ac* - 0 ( 22 ) 

Eq. (22) always has the solution a = 0. This is 
called the trivial solution. The question of nontrivial 
solutions (a. ^ 0) will be discussed in subsequent 
articles, fc 


Problems to Test Your Knowledge 

Is a_3 opportunity Is chtck yftUr iklllt 05 Ike 
EsaLtrioJ, oo»«f*d la Ikk lnilailm*[iL Tb* esmpleltd 
ouw^ri wLH bt publkhtd In lb* P**t CE E.»Er*iktr, 
July 17. 1970. 

Problem 1: PaHsiy-lUpty^li# following r=atri* A by 
The maLruC I (2. 4. 5] 


_ a t I 

e 3 * 

au 

oi r 


"1 

0 

0 

0“ 

a„ 

C-B 

u-J 

<ki 


0 

1 

0 


Ha 

a„ 

On 

an 


0 

0 

1 

0 

-Ori-i 



Ou_ 


_o 

0 

0 

1_ 


Pfobltaa 1: Wha! li lb* dif3*r*&c# between th* Coat 
maliict* oblalasd wh«a premuJlipl lection Of painislb- 

pUcc'aca U peHsrtSied on malrU A by c Cfi111enftdbl b 

vatrii 1 fb J. St? 


H«:* art the ast’wdT. to th« prjbiemi glrtn la Port 
1 of (hii Mnj 10, 1170. 


Problem 1; 


~2 4 -4” 


" -% h yr 

\ 

"A B C ] 

3 8-2 


K. M -X 

- 

D E F 

_2 1 


i 

j 

CL 

! 

Lg h j . 


For conTealenca (la nlirtLeq [ft tba ilimlti! la Jk* 
prftduct mctriik *acb tltfiitPl It Idantiilftd by tk« 
A. B, C. *lc. 


A - 2(-K<) 4- 40M -f {-4)(-%) 

E - 2(JO + 4(K) + (-4)(K.) 

C = 2{M +■ 4(-K) + [-Am) 

D - 3C-K*) + 8<K.) + f —2){ —%) 

E - 3Pi> + BC0 H-(-2HK.) 

F = 3(Jil + + (-2)(JS) 

G - 2(—J-*) + I(Kt> H- (-2)(~%) 

H-2(5i} +101) 

J =20i) +-1(-10 + C-21CH) 


1 

0 

Q 

Q 

1 

0 

0 

0 

I 


Ftobitai 2: 


" -Xt n ?r 


~ 2~ 


"■ 9" 

Ki M -K 


1 

- 

-3 

Ki )L 


_13_ 


_ 1_ 


-K.{2) + Ji(l) + X(13) = o 

K.(2) + K(l) +(-»[13) = -3 
-%(3)+JC.d) + K(13) - 1 

Frftbltm 2: 

Th# augiEtmakbr for lb* itl ol tlmull-cntaut 
♦quaUnn* U: 


'4 -3 2 

-T 

6 2 -3 

33 

J1 —4 -1 

—3_ 


Tat i*dated matrix U; 



"I 

-% 

K 

-JO 


0 

i 


% 

Hencsr x« —3^, 

_o 

J* 

0 

- 3, 

1 

*tl(J I: 

- 4_ 

, - -4 
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p art I - Heats of formation at 298K and molecular weights of many 

compounds 


5^jhst*rpcr 


Mow t tali' AccuneiT 

Pfijjir ro*Jr 


Sui-hst«n« 


AglV 
A(C 3S SI 
ab : 0^» 

A Its) 

aifu> 

a Or i 

Aid ,<*1 

AIjO 

AlNisl 

Al,C iU\ 

Acidiiusjlc 

JCymuit 

Mu Hue 


JOT 9 

0 



CijPjiJ) 

I43.J 

30,3 

0.2 


CaC : tsi 

231-7 

7.3 

o.t 


CaCOjIit 

2<7.S 

7.6 

0 2 


Ci5iis)' 





CiSl 7 (s> 

27.0 

0 



Ca ,Siisl 

44.0 

61.0 

2.0 


CaSiO ,dl 

|4.Q 

356.0 

1.0 


CijSiOjt) 

t:.4 

11-6 

OS 


Ca jSiG ,is) 

1J 3-3 

168.6 

05 


CiA],(i> 

1010 

400-0 

US 


CaAl jO t tst 

41.0 

76-5 

1J0 


CijAlfiJM 

144.0 

51.5 

2-0 



162.1 

IJt 

0.5 

iAL ; SiO, 

Oils) 

162.1 

1.9* 

0 5 

from oudd 

CdCtjlSl 

16M 

0.61 

0.5 


CdtXs) 

424.0 

-70; 

0.5 

;Al,5i ; Ofj 

CdSis) 




from oxides- 

CdSQ.tst 


Adi) 

As jO j(sl 

AijOjtft 
Ai *5,1*1 

AsjSjIs) 

Us | 

BNfs) 

Ball) 

BiCljtil 

BiCHs) 

BaOjlsJ 

BaSCM») 

BlCOitl) 


74.9 

0 


197.8 

156.6 

1.0 

229.8 

218.5 

1.5 

246 0 

30.0 

3.0 

310.1 

35-0 

3,0 

10-6 

0 


24.a 

60,5 

0.6 

137,3 

0 


206.2 

203.4 

0.6 

133.3 

1390 

20 

169 3 

152 5 

3.0 

231-4 

350 2 

J.0 

197,3. 

290-0 

7,5 


CiiraphiltT 

12 0 

0 


Cl diamond 1 

12 0 

-0,454 

0 03 

Ocote «c,l 

12 0 

- 3,0 

U5 

CH *<st 

16 0 

17.89 

0.1 

cojtit 

133.4 

13 J 

0.5 

CCUit 

153.8 

255 

0.4 

COCldBl - 

98 9 

53.3 

1.5 

COltf 

28.0 

26.40 

0.03 

CO-E¥l 

44.0 

94.D5 

0.01 

cs,ni 

76,1 

~2t.O 

.1.0 

CSjlit 

76.1 

-27.7 

1.0 

COSII) 

60.1 

339 

1.0 

Call) 

40 1 

0 


CtFjlil 

78.1 

292 0 

3,5 

CaCl^si 

ui.o 

141.4 

1-0 

Cat*s> 

56,1 

151-6 

0.4 

Ca$<s) 

72-1 

110.0 

2.5 

050*111 

, 136.1 

342.4 

3.5 


Cels) 

CeO^s) 

Crist 

CoOil!) 

CaOfst 

CnSHJ 

CQ,S^lt 

CoS ,(*) 

CeSOjH 

Crw 

CrOjtst 

CrCI jM 

Cr jOjis] 

CrO^st 

Cr,CU) 

Cr,C,d) 

Cr.CiU] 

Cri*) 

CuCl<»> 

CuO jt Jt 

Cu,CKs) 

CuOtsl 

Cu 3 S(sl 

CuSdl 

CuSO^st 

Fc 

FeO|E*) 

FeCl^t 

FrOU) 

Ff.OjsJ 


MoW teal A-eeunr? 
weight mo* +bcal 


182.2 

120.0 

6.0 


44.1 

lit 

2,0 


100.1 

2 EM 

0.7 


66.2 

36-0 

2,0 


963 

36.0 

3.0 


106.3 

50.0 

3.0 


116.2 

21.5* 

0.3 


172.3 

30.2" 

1.5 

‘Fftjm 

728.3 

27.0* 

1.5 

e^ldei 

94.0 

540 

30 


15 8.0 

3.7* 

0.4 

■From 

270J 

t.6" 

0.4 

flxbde*- 

112,4 

0 



163.3 

93.0 

0,5 


E28.4 

61.1 

0,7 


144.5 

34.5 

0.5 


201.5 

111.4 

l.O 


140 1 

0 



172.1 

260.2 

2 5 


58.9 

0 



(29.1 

77.1 

4.0 


74,9 

57.1 

0.5 


9L0 

21J 

1.0 


305 0 

7J.0 

3.0 


123, [ 

33.5 

4.0 


155.0 

207.5 

6.0 


52.0 

0 



122-9 

97.0 

3,5 


151.4 

132.0 

5-0 


152 0 

1700 

2-5 


100.□ 

131.5 

2.5 


220.0 

16.4 

1.5 


400.0 

42.5 

2.5 


I8O.0 

21 0 

20 



63.5 

O 


99.0 

32-2 

0.7 

134 4 

49.2 

2.5 

143,1 

400 

0.7 

79.5 

37.1 

0.8 

159 ( 

19.6 

0.4 

95-6 

12.1 

0 5 

159 6 

184 0 

2,5 


55.8 

0 


126-8 

81.8 

0.2 

162.2 

95.7 

0.2 

7 L ,9 

63.2§ 

0.3 

23 L .6 

266.9 

1.0 


^Reproduced from Principles of Extractive Metallurgy, by 
T. Rosenqvist. 


SublStlFKT 


= &H\„ 

Mole teal' Amine? 
weight moW ±i-t» s 


Fe jO >U1 
FeSis) 

FcS jtsl 

FeSOJiJ 

Fe.NCst 

Fe t Nis) 

Fe 3 Pts) 

Fc,Cts) 

FeCO,[sl 

FeSji} 

Fc>OJil 

FeCfjOjst 


H ,(H 

HFia) 

HCl{gt 

H,Qtg} 

H r Om 

H,S(at 


Had) 

HsCljii 
HfCljtsf 
HfCHs, m3) 


K(i> 

KFUJ 

KCUs) 

KjtXst 

K.0HI41 

K.SO,(s> 

K^CO^st 

KjSiOjltt 


MetO 

MfCi ,ls> 

MgOtl) 

M*Sls) 

M&SO^st 

Mi 

MgCjtst 

MijSi(it 

MgjSiOjs} 

MsSiOjii) 


Mn(<) 

MnCjtst 

MnOts) 

MfijOjsl 

Mn L Oj(il 

MnO^i) 

MnS^ll 
MrtS ,(Jl 
MnSO^st 
McijCli) 
MnCO n ts) 


139-7 

196 3 

0.8 


87.9 

22.8 

0.3 


120.0 

42.4 

35 


155-9 

220.5 

6.0 


237.4 

2.6 

2,0 


125.7 

0.9 

2.0 


m 5 

39.0 

20 


179,6 

-5.4 

1.5 


115 9 

178.7 

3.0 


S3,9 

19.2 

u 


203.1 

2,61 

2.5 

iFjcm 

223.9 

3,3' 

2.5 

0.1 ft + 

■ 2 Fe. „0 
SIO.. 

2:016 

0 



20.0 

64.8 

05 

aiLd«. 

36.5 

22.0 

0.1 


ISO 

57.80 

0.01 


11.0 

68,32 

o.o; 


34 l 

4.9 

0.1 



200.6 

0 


236.0 

3V 5 

0.3 

271.5 

55.0 

1.5 

216 6 

21.7 

02 

232-7 

(39 

1.5 

39.1 

0 


58.1 

134.5 

to 

74.6 

104.2 

0-2 

94.2 

86.4 

20 

56,1 

101.8 

05 

174.3 

342-6 

1,0 

13(2 

188.55 

M 

154,3 

62-5* 

7.0 


raidfl, 

24.3 0 

95-2 153-4 0 2 

40.3 143,7 0.2 

3*4 13.0 20 

120.4 mi so 

84.7 -19,0 80 

45.3 -210 5.0 

*4.3 262.0 3.0 

Tfi.T 190 1,0 

140.7 15,1 ^ 1-0 'Frcm 

|00.4 S.T“ 02 ti\jdes. 


54 9 

0 


175-i 

115-2 

0.5 

709 

92.0 

0,5 

2281 

331 4 

(.0 

157.9 

228.7 

1.2 

86.9 

124.3 

0.5 

221.9 

174,1 

2 5 

87.0 

<9 0 

0.5 

119 1 

49 5 

2.5 

151.0 

254.2 

1,0 

1761 

3.5 

30 

115.0 

2(3,9 

1 3 


SilfoillTK* 

tall A^rwj 

+ tea 1 


MnSlOjtil 

131.0 

3 9* 0.4 

■ c. AP _ 

Mn .SfO t ts) 

202 0 

U.l* 0.7 

r. oiti 

0*.ud«. 

VtcKil 

95 9 

0 


MoO.(J] 

127.9 I4O.0 no 



143.9 1 

7S.2 0 .5 


MOjSjls) 

28S. 1 

92.5 4.0 


MoSjti) 

160.1 

60.4 3.0 


Moj.Nls> 

205.9 

16.6 [>.5 


Mo.Qst 

203.9 

-4-2 3.0 


N t [») 

28.0 

0 


NH ,(i} 

17.0 

1 (.0 0.2 


NjCH.il 

44.0 

-19\6 04 


NGUJ 

30.0 - 

-21.6 0.4 


NO jlf) 

46.0 

~8.0 0.2 


Nalsl 

23.0 

0 


N a Ft si 

42.0 

137,3 10 


NaClts) 

58.5 

98.6 0.2 


Ni,Otsl 

62.0 

100,7 1.2 


NaOHCsl 

40.0 

102.3 1,2 


NijStsl 

78.1 

91.4 2.0 


Ni t S0*(4 

142.1 

333.5 l.O 


N*,COjtil 

106.0 

271-6 2,5 


Na ,SiO S U1 

122. S 

35,5* 3.5 

“From 

Nl^1,0 j(s. at 

1S2.2 

60.5- 3,3 

Dniijes. 

Nbtsl 

92.9 

0 


NbOts) 

10B.9 

98.5 20 


NbOj(») 

124 9 

(90.4 V,3 


NbjO.Ul 

265.8 

455.0 3.0 


n wrist 

104.9 

33.7 1,3 


■ Niisl 

58-7 

0 


NtOdl 

129,6 

-35.0 9.0 


NiCT^t 

129 6 

73.0 05 


NIOtil 

74.7 

57.3 0.J 


Ni jSjdl 

240.3 

47.3 2.5 


NlS^sl 

W.8 

22 2 1,4 


NiSjdl 

122.S 

34.0 4.Q 


NLSO.dl 

154.8 

212-5 5.0 


Ni,C{») 

L88 1 

-9.0 1.5 


NtCO,U> 

118,7 

162 7 30 


NilCOMjt 

170.8 

3€4< 1.0 

■From 

Ni + 4C1 

Fti. wtiiic) 

3(0 

0 


F(*, ft-dt 

310 

4.4 0.4 


PCW 

137.3 

66.4 1.0 


PCljUl 

137.3 

74.3 0.8 

- 

FCI,t|) 

208.2 

87,3 3.0 


FCl^W 

208,2 

1060 3.0 


F.O,(at 

141.9 

356-6 2-3 


PfcHit 

207.2 

0 


FbCl its) 

278,1 

15,8 0-5 


FbO{j. rrdl 

223.2 

52,4 0.2 


?hpM) 

635.6 

(73.6 4,0 


PljOjlst 

239.2 

66.1 1.0 


FbSts) 

239.3 

22.5 0.5 


PW0*t3l 

303,3 

219.5 0-1 


PbCOjlil 

367.2 

167.3 2.5 


Pta jSK3 4 C5l 

506 5 

7.0* 3-5 

■From 

PbSlO ,tsl 

243-3 

2.5* 2.0 

6AldeS. 




















Mrie 

Accuracy 


SubrtijX'c 

weight 

mo4< Tkal 


Sis.monocU 

Sit) 

S T ti> 

scum 

SOjlft} 

so k t«> 

12. J 
32,1 
32-1 
MS 
H3-9 
M) 
SO. 1 

0 

-0.07 0.01 

-563 1.3 

-310 l-Q 

13 6 3 0 

7095 03 

94.4 0.3 


SWs) 

SbOjti) 

stcuii 

Sb r Oj(l] 

Sb.Sjts, black) 

121.3 
223.1 
299-0 
291-3 
339 2 
331.7 

0 

9I-* 0-5 

1048 3.0 

1694 1.0 

40.3 5-0 

575.3 8.0 


Sits) 

SiCUD 

3iCK [) 
sio 
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Part II - Enthalpy Increments Above 298K 



*The sources for the data in this part are as follows: Ksiley, 
Bureau of Mines Bulletin* 554* 1960* Wicks, C.E. and Block* r.t.. 
Bureau of Mines Bulletin* 605* 1963. JANAF Thermochemical lables* 
1965-SB. Reproduced from Principles of Extract ive Metallurgy, by 
T. Rosenqvist. 
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Part HI - Enthalpy Increment , Specific Heat and Heat of Formation Data 
from Bureau cf Mines Bulletin 6G5_, 


Jn the following pages £-re assembled tabular 
data and graphs of thermodynamic values for 
65 elements, and their known oxides, halides, 
carbides, and nitrides. All data and equations 
are in terms of calorie-gram mole-° K. units. 
The tabular values incorporate a base tempera¬ 
ture of 298.15° K (25° C,}< To-avoid any 
possible confusion, the state of reference at this 
chosen base temperature is indicated specifically 
in each tabular heading. 

In cornp ibog ' these tabulations, data pub¬ 
lished previously by Kelley (79-84), Brewer 
(£-3, 11, IS), Coughlin f 24), Stull (ISO), and 
Rossini, Wagroan, Evans, Levine, and JafTe 
(It2) ware of particular importance. 
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JL.\u >ME£-ENEK(iY DATA 

Aluminum Triftuoride, MF 3 (c) 
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THERMODYNAMIC PROFERTFES OF 6 5 ELEMENTS 
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Aluminum Tribromide, ATBr 3 (c) 
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Aluminum Triiodide, AU a (c) 
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Tetra aluminum Tricarbide, AhC 3 (c) 

Aihf“m— —39,900 calories per mole [9) 
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HEAT CONTENT, HEAT-OF-FQRMATIQN, AND TREE-ENERGY DATA 
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Aluminum Nitride, AIN (c) 
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antimony and its compounds 

Element, Sb (c) 

=10.5 t.v.{8S) 
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n.GSQ : 
tu. UOj! 
tw. 19(1)1 
(IS, 0401) 
(1A ■SOTjJ | 


! J:I-Zz±h' ] 


Hi 5 

LtL *i 

12.3 1 

Ilf. TA 

13.« | 

tl 2D 

!4. W | 

1L 71 

15.88 ! 

13 24 

16 60 ; 

13.TS 

IT 64 1 

1X26 

^3 m 

H. H 

21.3? 

t5.12 

35.04 

ityj 

In. 6+ 

itai 

(». 2) 

1 f E7. 36) 

(26.61 

l £17 911 

(27, 3p 

1 Us. 47) 

(27. hi 

1 U9.UL) 

n 

(XE-J5) 

(29. 31 

E20. SO) 

(39. 31 

(21. 43' 


Diantimony Trioxide 
(Ortborbombic), Sb g Oj (c) 


AH»“—168,500 calories per mole {IIS) 

5 m = 29.4 e.u. [83) 

M.P. = 92 S e K. {U\ 

A/i*r= 13,500 calories per mole 

B.P.** l,698 a K. (£4) 

AH t — S,910 calories per mole 

Zone I (c) (293°-929 5 E.) 

Estimated equation: 

C^m + IT.IXIO-'T (Sf) 

Hr- H„= - 6,450 +19,1 7+ 8.55 X 10" J T 1 

Formation: 2 Sb + 3 / 20 : —-**Sb;Q 3 


(estimated (£4)) 


r. - E. 

Hr-Hm 

iiJI 


B*.... 


-1*,W0 

-1*9. ICO 

400.... 

(1230) 
(6.1®) 
(7. SCBI 
(10,«CS 
(1L2BO) 
(IT. +01 
(3i CC-Ml 
(M WOT 

(-166,000) 

(—142. WCj 

5®. 

(-mcoG) 

(-136. LOO) 

WO. 

(-1C7,»05 

{-]29, 700E 

71X,.. 

[-157. 100) 

( — 123, MB) 

SCO,.. 

(-1K, 4DC ) 

( — 117, 300) 

CQC 

(-1M, 600 ' 

( — 111,200) 

1,000.. 

i„im...: 

(-LsO, JCD) 
(-SJfi.SWi 

E —105. 2005 
{-99,80)) 
(-H. *50) 

(-i9.aoai 

{^64. 00C5 

tJDO..... 

(42. HO)' 

(-33S,OOOi 

1J00...... 

(«e.«a) 

(-!», TOO) 

1,100... 

iea, iec: 

(-ISA W01 

t.i&X..,..,,.... 

(51 LOC* 
(ia«c) 

(^1*4. XC ; 

(— 79. fli' 1 
(-74. ECdl 
'-&. I 30J 
[ —60. 0001 

1.5GQ.... 

(-1M. IOO) 

1 h 7D0.„.... 

1J00... 

m.8801 

r — 1A3- 0001 
(-D6, J001 

l.sm......._ 


l— 236. MX'. i-ax ai-- 
LS»)! (-4A3O0) 

■7'nrfi 





1 


frtTMD o—<+ 


■3 




























































































































































THERMODYNAMIC PROPERTIES OF 05 ELEMENTS 


Diantixnony Trioside 
(Cubic, Orthorhombic), 

Sb 3 0, (c) 

. — 169,900 calorirs p*t melit UH) 

sZ= 27.7 *.u. W) 

r.K-&42 e k. (H) 

\}{ T ^ 1 390 calories per mole 

Af K. (**) 

&0Q calories per meue 
69B e K. M 

calorie* per mole 

Zone 1 {29S°-S4Z° K.) 

Eatitnated equation: 

£\s=i9A + i7.ixJtr , r {*$) 

6,160 + 19.1T+B,55X Ur 4 F (ft) 

Formation: 2Sb-f-3/20 3 - — —'\Sb 3 O a 


T. 1 E. 

Ht— Hm 


AF* r 

~ 


- 1 M.TO 

'-ISC, DOG 

S "" 

re, 220 ) 


- L 8 S. 70 Oj 

(-]«. KB) 

iOO,..—---- 

600 . -, - T «*i 

fa, \m 

fJ.SKH 


-IW. 400 ) 

- isiv.ijca] 

f-iat 6003 
(- 130 . TO) 

jop , itllPT „_. ...... 

( 11 . 060 ! 
in. 360 ) 

\ 

i 

~ ifi 7 , BOOj 

(- 1217003 
(— 137 . +CC .3 

500 . ..■■■»■> ■■■ ■»■■*«* • 

( 1 », IDO) 

1 

:- 3 flA MO) 

(-tll.XOJ 

1 ODfi.,,,,.,. ....__ 

(», 4501 

\ 

- 360 , MGI- 

f- 1 -flft 3003 

-. 

1 SC ..._........_ 

{«. J 90 ) 
( 44 , H 3 ) 

1 

1 

- IM, 300 J 
[- 133 , £C 03 

(-», 8003 
(-ft*, 400.1 

|J 0(3 _ a .-r ■ 

i+:.. J »3 

1 

[-lift. 706 ) 

(-». 3 Q 0 ) 


( 32 , 1503 

( 

[-ISi.SOO) 

(- 64 . 030 ) 

J ___ a^a,. ■ . ■ . 

1 *££ .. . 

( 66 . »" 


[- 154 . 300 ) 

(- 79 , 000 ) 


(SO. HO) 


[- IKUQG 1 

- 7 ft 0001 

L 70 O---- 

l joo . . . .... . 

( 43 . 3 SO] 

1 

nj.Doc; 
[- 236 . too;, 

[-BB, J 00 ) 
f-sttffiov 

ium .-__ 

_____ t 


[- 23 ft *303 

f-aiK 303 



(- 237 . 300 ) 

(- 10.^003 

1 


' 


Diantimony Tetraoxide, Sbi0 4 W 

Atfiii=(- 209 , 000 ) calories per mole (S 4 ) 
S m = 3Q A e u (HI 
Deco m poses = 1 P 203 s K. ( &4) 

Forma. Lion: 2Rb + 20 g —-*Sb]0j 

(estimated £££)) 


T, * C 

jf it~ Htk 


in 

3?,. • - .. 


<-as. a»3 

i 

'-VP, 400) 

4M.. 

(i 7roi 

t-as, ooo) 

1 

-175-fl<nv 

M. 

(4. ftex;. 

(- 30ft 5003 

1 

!-(4ft son 

600.,,...... .-- 

R 3M3 

(-306,000) 

( 

'-Lift OCO) 


i IT. 6003 

(-2CT, ftM l 

i 

-1*7, 5031 


{to. OOUI 

[-'iOf.Ml 


I - Ian. aoo] 

000..„ 

([ft. $001 

(-aiftiOG! 

1 

[-35&WO) 

t.ouc_ _ 

(». 3001 

[-231,60)) 


f-lSlflflH 

1,100. -.. . 

{2?. CO) 

(-334, MiG) 

i 


1,X0.. 

(31.4(B) 

( -2)3. MB' 


[-102. mo) 


Diantimony Pentaoiide f Sb^O., ( c ) 
&II m = [-2 29,000} calorii'fl p+T molr (f-j) 
S :m = 31,3 t.n (H) 

Dv com poses =-073° K. {f^> 

Formation: 2Hh \ 5/20*---— ►SheG* 

(psLinmfetl (#4)) 


r - k 

Itr-Hmi 





(. —7JS, 0003 

(-lift BOS 

*0]_ 

<3.08)3 

( 000) 

-lift smi 

ICC'. 

(ft. 45L-1 


( - 172s SOD 1 

600. 

110. HUUV 

i - in, iou) 

(-141, MGi 


Antimony Trifluoride, SbF 3 (c) 

AHj,i= — 216.600 calories per mole (1 H 

Sw-m) «.u. un 
A/.R«6#)5 fl K. tS) 
a P. = fi49° K, fff) 

Ji|/v = (14,000; calories per mole 

Format inn : Slvf :i/2F 2 — -—*ShF a 

(rsl'mmLcd (H)) 


r. ■ k 


. ! 

a Hr 

an 

1 

S6.... 


-21ft MB 

{-*a. M3 

soc.. . 

(0,000} 

| (-211 «00) 

(-5M 100) 


Antimony Trichloride, SbCl a (c) 


— 91,400 calories. per mole (II) 
Sm-44.7e.tJ (f/> 

Af.P. = 346.r K. (if) 

3,030 c&briM per mole 
B.?.= 491 B K. (6) 

&Hr— 10,362 calories per mole 

Zone I (r) (298°-:i4U 0 K.) 

C,= 10,3+St.IX VO' 1 T (82) 

Hr-H ni ^ -5,300 - lG,3T+25.55Xir l P 

Formation: Sb + 3/201*— --^SbC.lj 

(eslimuie<i(//)) 


Zone t (298 B -:WB° K.) 

AC -_S 44 + 49.36Xl0’"r r 1 . 02 x 10 s T " 1 

&0,700 - M4T r 24.63 X IQ” *T - 1.02 

x vt^r -1 

i - 90,700 + 8.44 Tin T - 24.113 x i€T Ji P - 0-51 
X 10 1 7^ l +3.47 T 


7i 

if 

i - 

i 

& 

AF r 

™ 1 —51. 400 

S:;:::a: ::. {n,«»)| t-7n.roo> 

-Ti. am 

t-n. ioo) 


Antimony Tribromide, SbBr 3 (c) 


ja/Jli*= t— 59,900) calorie* pt-r mult (H) 
S,„=53.5 r.u, til) 

M,f. = 370 s K. {6} 

Aff„«3.5 10 calorii* per tunic 
ff.J\ -56l u K. (*0 

(12,000) rabriea ptr mole 

Fummt uni: Sb F21^11 r-j *Sl>Br a 

(S'wl mild PfI t I il) 



Or- Jfm 

iff? 

un 



-ift.id) 

{-4ft 0») 


(7,000) 

l-flft «0) 

( — 41. SCOV 


Antimony Triiodide, Sbl^ (c) 

(-22,SU01 calories per mule (M> 

N v „ - (671 r,u. til) 

M P444* K. (t ri 

fUA-TOO 11 K. l«) 

iff* = {15,000) caV.rit's per mulr 



flF, FREE ENEfiGf OF FORMATION, -moke 


* 


HEAT CONTENT. H EAT-OF-FORMATION. AND FREE-ENERCT D.\TA 


Koniiti 


{Um : Sb +- iV 2 I 2 -—->SbI 3 


r. • k. 

frr-rt** | 

iff* 

i fg 

j {-32.100) 

{-42.DDC) 

! (-24.100) 

(—3ft 600) 

■ras. .. - 

40d......—. ■ 

t:, ooo) 


-120 


-100 







SDlj - 

5S6*. 

SKh 

_ _ 5J* 

_ 


_^ ti 


^,1 


/ 

/ 

/ 

/ 


s 



3 - 

) - 

3- 



/ 

/ 

X n 



/ 

/ 

^ y 

/ 



^7 

^ / 



r 

/ 

/ 

.? 



j 

/> 

f 



rr 

/ 

■is 

/Vi 

IT 

von l 

&00 


Yvj-D'Ri. 2 . —Antimony, 

ARSENIC AND ITS COMPOUNDS 
Dement, As (c) 

5—= 8.40 tf.iL (33) 

S.r =$S& 0 K. (130) 

,,11-7,630 caiariee per atom 

Zonff L (r) (2D3 f, -8S3° K.) 

C,= 5.23 + 2.22 X10' 1 T 'Sff) 

ftzfc -=1^±S:SK Vi\Wx 

Alcove K.„ diatomic fta^ (e*tima ted U *4)) 


1 


.*& _ 

co_ 

i£K. 

HR... 

TOO.., 

aoo.. 
m T ., 
1,000.. 
I.IQ0 - 
l t »> 
1,300.. 
l.CC.. 
l.wt . 

l.fltx . 

i.TCO. 

l.«Q. 

L>JU 




rjlfi 

U^o 

(%. EJC-3 

hr. (mi 
(JT, SJ0> 

i^as»Ti 
pi. SB) 

(askW 

130, l®) 
tsi w;? 

131. w) 
(31, 


St 




U -St 
ri73 
11 7a 
14 BS 
til ») 
(H. W) 

114. * i 

fit sri 
(3i 

(liSri 
{Ji H) 
(3a E> 
(31 IS) 
7-J> 
(3t®> 


Diarsenic Trioxide (OrLhorhombic], 

As, 0 , ( c ) 

T.P. = horT K. 

Ji// 7 =4T10 calork-H p^. T mo i p 
M.P =542- K. ifi) molF 
i//* = 7,930 cilortts Wr rao i 
B.F,= 730.3 a K. (i A f 01 
iWr= l4 t 3fX) caloriw pe? male of Aj,0| 

Formation: 2As J -n 20-- 


(estimaud 


■♦As^Oi 


7 . 1 E 

■ i 

difj 

i 

An 

2 S!. 

. i 

— 157,000 ■ 

-tfr.TDC- 

TO... . 


(-i 5 t 7 B-)- 

(- 131.1501 

MG.-. 


(- lift 030 J ■ 

(- 12 ft MXJ) 

830 ........ 

Jp,:= 3 ). 

(-l*fti^)i 

1 - 114 . SUi 

705 ....• 

rei.KBl: 

i-uftiai; 

[r-llft 1001 

TO.. -.. 


[- 536.053 

l-lll. 5 GG 3 

KB. .. 

= 3 ft. soc-i; 

(- 1 S 4 . 0 W, 

(- 107 . > 50 ! 

1.000 . ., . 

. -- TTri] ■ 

(- LV, IXCl ■ 

i - tOl T»V < 

1 . 100 ...,. 

35 .TO) 

{— 15 - 1.030 k 

i -dc. *ooi 

l.XO.... 


(-ix. mi 

(- 9 T. + 50 } 

1 , 300 ..... 


(-lift iao: 

{-i 7 , 30 G 3 

l.TO...... 

.+ 4 , 700 ; 

1 — 154 .- 300 - 

l -^2 Mi 



t-tjftSJCl 

i - - j$cn 

1.603 ... 


t-lift +001 

i -: ft kb) 

1.700 . 


{-lift 5 ULl L 

{-«. 7 DC 1 

l.aoo......... 


(-(St dMri 

1 - 61 . 4501 

l.WO. 


{-lift SKI 

(-jft 40)3 

MKG..... 


(- lit 3403 

i-iftjiw) 


a i 
S. M 
nos 
a » 

W, )2 

>0, S4 

(i an 
(t nj 

(%m 

UL Try 

(iais) 
(K 7«3 
{14 H> 
{17. TT> 
115.173 
(.15. Ml 
^ 37 V 
CiL 


Diarsenic Trioxicle (Monoclinic), 
As : 0, (c) 

— 152,900 ciJories per mule ( 1 ( 4 } 
^=33,6 e.ii. (idi 

yf,P.= 556 s K. {^v 
Jiff y = 4,000 calurLes per mole 
£T. F.=±730,3° K. 

14,300 caicri^i per mole of A3,Oi 

h A?'Q] 


Foruisttion: 2 .\*—3 20 : 

(estimated (ii)) 


T. 

flr-H* ] 

INt | 

af; 

?9ft. - 

r 

-i a sec ! 

— 138. OB 

ICO..., 

+BKDI 

[-1ZL 8 B 1 

(-130. Mil 

.■ i‘ij. 


soo.. 
«o . 
1,000 
Uioo 

1JSB 
l.S» 
I, *oo 
I, SCO 
1,(00 
t.AK 

1,300 

1.S00 

1U3U 


■ i S5u:- 
ty. JtMi 
117. JO 0 ), 

sJd. WU' 
L Tt S0U3 
WS^TOi 
v37. Xt'J : 
\£i,'i*3! 

{ HJ, « 0 V 
^12. 400) 
lU. *A) I i 
9J03 ■ 
■.n.fflub 
USAO. 
t, 30. Xlf 


{- las, a») 
t- ifesoo] 
t- iti, ago: 
t-ist loon 
t-titOCO'i 
t-iitcnoi 
(.-lit JOOTi 
l- LK wo; 
{.-ist rooJ- 
\ 1 A- JK] I 
lit Swu 
I, — lit «UV: 
i- U4, SOU) 
(- !J< SOUl 
l- lit *01 
■ v-tiiOW' 


4-tig, 3*»v 
^-Ui. Ifl03 
l-III. jOO'l 
t- 1(37. *03 
^-IJiTWV 
{-97.30D) 
{-»JL !*») 

{-sr.ssj 

{-J+JWl 
(-7T.IB0) 
(-7L, 
[-66. 7LW3 
{-iS!.^3 
£ — So. 4001 
-ll jwr 


Diarsenic Tetiaaxide, AsO* (c) 
AHite= - 175,500 oiWies v^ r 3U °I e 

Formation. - 20- — — -—^A+^Ot 

^stituaiod 
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THERMODYNAMIC PROPERTIES Of’ 6 5 ELEMENTS 


T.* K. 


&H*r 


3» - 

CG. - - . 

iifi -- . 

000 -. -- ■■ ■ 

TM ------ ■ 

BCD ■ .... 

(i-*») 
(4. 300) 
til. MO) 
(17,000) 
(Z2. MO) 

- l?l, MO 
(-175. 5001 
(-17k, CM’: 

1 -m. Mg> 
E-17kff01 
(-172. Mai 
r-sM, xxt\ 

- m, ooo 

( — E40, 000 ) 

(-iTtnix) 
(-IS3. MO! 
(-SC'S,'MG! 
{-«.tnc! 


Oft, 200 ) 

[-Sit. MO! 

(-so. -urn: 

| IOC 

(3q. SCG) 

-3ICLHM} 

-re, mg) 

l’xtl . . 

(M. 0 P 0 ) 
(39.TOO) 

(-in. 0 £»> 

(“STC. ffl»} 

( — 67.000) 
I'-ifc, k»: 

1 40 O 

(H, SCO) 

(“iT 2 . MO) 

( —4P. OCO) 

JQ] _......... 

(50. ix: 

c- 168 . oog'i 

(*«.ooo) 



Diarsenic Pentaoxide, As 2 0 & (c) 

aH|«= — 21 £,500 calorieo per mole {I IS) 
5»= 25.2 t.u. (nt) 

Form a Lio □ : 2 Aa + 5/20+————-* A s^O s 
{estimated {24)} 



1 , 100 . 

i.acq. 

1.3O0. 

l,«d. 

l.flOO. 

L.WC-. 

1,700. 

I.MO 

ISO) 

3,000 


l-S-L 500 
(-173.0001 
-1*1. 3001 
-150. 000} 
-13*. M») 
-127,000} 
-SIft 500) 
-102, SOO) 
■-9P. SOC) 

7*, ecu) 

-S3, MC) 
— 51,000) 
-3a, MO) 
-38,000) 
-13. MO) 
(-1.500) 
(4-10. TO) 
(+ 12 . M 0 > 


Arsenic Trifluoride, AsF* {/) 

Affi**= —218,300 calories per mole (US) 

s™=fia.DS e.ii. (its) 

—214,700 caEoiiee per mote 
M.jp =2S7.r K. (US) 

&Hj i“2,4Sa calories per molt 
J3„P. = 333* X, (94) 

&Btr— 7,100 calories per moie 

Arsenic Trichloride, AsClj (0 

— 80.200 cileries per rode (Iff) 

S,« = 5£,S ClIi. (fjf) 

AFy* —70,400 calories per mole 

7 e K. (lit) 

= 2,420 cs]oriei per mole 

^.^.-403° K. (Ut) 

A/fr~ 7,600 tileries per mole 


F or m a L1 on A s + 3 /2 Br,---* As B r x 

(estimated { tl )) 


r, * k. 

fir —ffw-j 

& M* 


2 * , . .. . 


- 44 . fiOCi 

. tl, tfyV, 

.vu.. , 

(IT 000 ) 






Arse me Imodide, Asia fc) 

— 13,700 calorics per mole (112) 
iStt*— (55[ £.u. (1J) 

M.P =4lS n K. (S) 

2 S 200 calories per mole 
fl.F =6S7 B K* (ff) 

A //p = 14,200 calorieB per mole 

Formation: As + 3/21 


(estimated (JI)} 


'AsTi 


r, * x. 




M.... 


-13. TOO 
[-31.000) 

(-15,000 
( — tO. 30C) 

wo... 

4,9.000) 


*40 

♦ 

| *20- 

^ 0 
"o 

Vi 

* 20 - 

z" 

5 -40 

< 

e “60 

p 

ti, 

u -80 
o 

S -100 

EL 

Ul 

g 

Ui 

£ -MO- 

14. 

uT -460" 
-ISO 
-200 













X 

/ 

/ 

! y 

_^- 

1 


/ 

f 

/ 




/ 

/ 

r 



' 7 

* I, T! C U. 



7T- 

// . 



/ 




■A'/ 




' / 
y 



L j 

/ 

/ 



/ 

/ 

/ 









300 600 000 £QQ 

TEWPERATURt, *K. 


2D 00 


FtauRt 3.- Arsenic. 


Arsenic Tribromide, AsBr 3 (c) 

A Hi** 46,610 caloHcB per male (tit) 

e.ti. (11£) 

304 B K. (Itt) 

ij ^* = 2,SlO cilorie* wr molt 

B.P, = 4&4= E, (US) 

10,000 calorie* per molf 


BARIUM AND ITS COMPOUNDS 
Element, Ba (c) 

iSh 21 16.0 e u [S3) 

M P.= 983° K. (S3) 

A ff m= 1,630 tftlotiei per ii-om 
BP,= 1.911* K. (/JO) 
iHr= 35,700 calorics per atom 



390 


HEAT CONTENT. HEAT-OF-FORMATION, AND FREE-ENERGY DATA 


/ 


* 


Zone t (r) (2DSMm° K.) 

€,= 5.55 + 1,50 X 10"* T (ES) 

- 1,720+ 5,55T+0 75X Itr’T 1 
F t - I ,720 - 5.55 TinT- 0.75 X 10" 1 7'* 

+ 21,55r 

Zone II (7) (9$3°-l ,125° K.) 

C, = 11.5 (S3) 

Hr-4,250+11.5T 

-4,250 - ll.5T/nr-r- 64.67 
Above 1,125* X. (estimated (fJO}) 


T. *E 

Nr-Kai 

Sr 

EFr-N™: 

T 

2 W-..---* 

4®.... 

wo.... ... 

.'ski" 

t,240 

16-0 

17,3 

111. 25 

36.0 

lfi-25 

lfi.77 

600 . ,, 

l.BW 

mi 

17.20 

TOO..... 

1 .130 

21-1 

17. IH 

(DO. 

3,200 

22 1 

lfl.3n 

Pi... 

3 r SW 

22.1 

1130 

3,000........ 

7,2+7 

26,33 

1 &-] 5 

t 1QC .... 

2 .WS 

27. tO 

1ft. 33 

1 J0C..... 

(1 750) 

[27.75) 

(20-17) 

i SB ___ 

(9.5001 

(21 3iJ 

(3'E.M) 

S.400. 

(10.250) 

[219)} 

(21. ECU 

... 

(11,000) 

[20.(2} 

(22- Mr 

kefi............. 

(11,750; 

(2S.51I 

iZLSTi 

3,70O..„...__..... 

(13, 000) 

(30-M} 

(23. 01) 

],BC0.„... 

[13,250) 

(30. 7S> 

[23.44) 

],PX..... 

114, DOC) 

C31- 30} 

(S3. H) 




Barium Oxide, BaO (c) 

AHln— — 133,400 calories per mole (50) 

S t M —16.8 c.u. (33) 

M.R=2 r l96 5 K. (S) 

A//#= 13,600 calories per mole 

B.P. ”3 r OOO D K. (fl) 

Zone I (c) (29S a -1,300° K.) 

C,= 12,74 + 1.040 X 10 -I T—1.964 X 10* T~* (St) 
- 4,500+ 12.74 T+ 0.52 X 10-T* + 1.9B4 

xio*? 1 - 1 

Forma tion: Ba + 1 /2D 2 ->B aO 

Zone I (298°-983 a K.) 

AC,= 3.63-0.95 X lO-'T” l .78X 10*7^* 

A Hr ■=* ~ 135,000 + 3.S3 7- 0.4S X 10-' T* + 1.73 X lO 1 ^ 1 
&F t = — 135,000 — 3.63 Hu 7+0.4SX 10" I P + 0.S9 
X 10* 7“'+ 40.77 7 
Zone II (933°-l,l25 e K.) 

AC,» - 2.32 + 0.54 X 10“*T-1.78 X ID 1 7^ J 
Atf r = - 132,700 - 2.32T+ 0.27 X 10“' 7> + 1 7B X 10* T” 1 
- 132,700+2.32 77n T— 0,27 X 10^*7* + 0,89 
XlC^T-i+A.&T 


r, r K- 

Wr-Np, 

St 

£lHt 

af; 

296 .... 


1 C, ft 

- 133,400 

-lmsoo 

400 ... 

1,200 

20.3 

- 1 J 3.200 

- 124 . WO 

JQO. .. 

2,400 

22.9 

- 133,000 

- 12 S .650 

600 ........ .. 

3,700 

25.3 

- 132,700 

-lift 400 

700 .. 

4 . WO 

27.3 

-IE, 400 

- 117 , t 00 

8 TC 

43 ® 

7 . KXl 

29.0 

— IE 200 

-lis,om 

4 Q 0 . . . 

JO. 7 

-IE 000 

-lift 3 W 

£,200 .. 

ft 460 

. 33.0 

- 134 , KB 

— Ell. 300 

_ 

J.SX'.... 

lo. mo 

> 3.2 

-114 . 2 DC 
( — 133 . 50 EH 

-toe, MB 
(-i(A«xn 

1 , 300 ...,... 



(- 1 E 500 ) 

(- 30 ft MO; 

1 , 400 .,..,,.... 



(- 133 , 500 ) 

(-I 0 I,H 0 ) 

1,500 ... 

( 1 ft 900 ) 


( — 133 50 CO 

( — Sfl, - 300 ) 

1 , 400 -.... 


(- L 33 . 0 D 0 ) 

(- 86 , MO) 

}, TOC-. . . 



C- 13 ft 5001 

- 94 . 300 ) 

L, 5 X 



[- 1 E SCO) 

r-TftWOi 




t-lJft<X) 0 ) 

-SC, 000 ) 

. 

2003 

( 23 , 1 W) 


[- 167 , mo) 

[-■ft BOO) 





Barium Dioxide, BaO, (c) 


B-m 


' V" '" D,u ( '” 1 


Formatiim: H !L -0.— 


(csUmiUcul ( 24 )) 




T, ' K. 


a. Hr 


23@__ 


- 

“ 

40C . .... 

5CC . 

{i. Ud) 

—152. WE' 
(-152.0001 

-139, SOU 
(-13S.5W) 

50C .. . 

t J, 2 o 0 j 

(-151. MG: 

(-isi,ooa> 

(-ut.oorv) 

(-150,300) 

(-sw r anj) 

{— 132.GCfj'i 
(-151.5«|) 

i t-tai,ow>i 

TEX . 

(i. sffi'! 

(6 4Jjr-' 

(-127,000) 

900 .. 


( — 523,000'- 

BOO .. 

(ft sS"' 

(-ne..W) 

1.000 .. 

1,100 . 

(l i‘ soci 

( — 315.5tXii 
(—131, .9)0) 

smo..^.. 

(13.00C) 

(-ECftiaii 

.. 


( 15 L, SlClj- 

(- EC3, 5001 

1.400. 


J _ jjy" ! 

(-W, 5a:l 

1,500.....___ 


(- isol woj 

(-B5, iutn 



(-9S.5UU) 


Barium Difluoride, BaF, (c) 


— **U.W*I C, LA. LOJ l 

M P. = l p 593 e K. (n#) 
AHm= 3,000 calories per mole 

RP.^2,473- K. (S4) 

—70 f 000 calories per mole 

Zone I {c} (298^1,300° K.) 


C r = 13.98+ 10.20X10-*T (St) 

4 r 60Q+ 13.937+5.19X 10"*IP 

Formation: -—+BaF 3 

Zone I (298 a “9S3 Q K.) 

AC,^0.14 + 8.26 X IE)-* r+ 0.80 X 10*7-1 
A-287,000+ 0,147+4.13X lO^iT 1 — 0.80X 10*T^ 1 

A J F r =-2S7,000-0, HTlrvT^ 4- L3X 1Q- 3 P“0-40 
X 10*^+44.487 


Zone II (983°-l T 125° K.) 

AC, = — 5,81 + 9,76 X 10-* 7+0.80X 10* 7- J 
A Hr—- 234,SOO— 5.8-17+ 4.&S X 10^ 3 7= —0 80 X 10*7" 1 
AF T =-264,800+5.81 Tin7-4.S6X lO-^-Q+Q 

X 10*T-i + 1,9 it 


T, m X- 

NV-tf™ 

S T 

AW? 

af; 

M._..._ 


23. 03 

—2M, flOO 

--274 SOU 

400.... 

.UMC 

S’ 36 

-fflft ISO 

-770,150 

flop..... 

3.700 

E 49 

-^t6.cao 

^»3.MU 

SB . . . ..... 

5,650 

» 04 

550 

-362, l-H? 

TOO.... 

3,550 

». 12 

-2B4. 950 

-257. J50 

n.___.... 

ft, TOO 

41-Bi 

-3^4.500 

—254. 900 

flan. 

11,900 

44 44 

-2&3.850 

— J5 L. 250 

1,110. ___ 

U. 500 

4d BC 

-285.000 

-247,700 

1.IC0... 

1ft ?W 

49.25 

— S4, KB 

-243, 90C' 

ljffl.,.... 

(IftSW!) 

+ 2S3] 771?) 

(-241. 6*J0) 

1,301.......... ... 

(22,200) 


(->4,110} 

(-233,200) 


—205.300 calori^ij ncr moic (//) 
^=(29) f.ti fj/l 
M P.^ 1,233* K. m 
AH m = 5,375 c&jories per moie 
BP =2,lDC a K. (6) 

A-Hf = (50,000) caiories pe: moie 
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Zone I M (298'-1.19S°K.) 

** r -170+3.3^10->T (tfi) 

7^5,2004- I7.Q7+ 1.67X10-*^ 

Formation: Ba + F'lf ~~ ^Ba( 1 3 

Zone 1 t29S° mr K.) 

_ *» 1 78X iO^T+O-MX IQ'T 1 " 1 

*£*"^206 0004 2.537^ 0.SSX HHT’-O&SX 10> J » 

^F^-^'oOO- 2 - 63TI, ’ T “ OSt?><30 ‘' Tl " 0 ’ :J4 

x10 i7-i + 5SJ37 
Zone H I983M,125 # K.) 

A r *-3 3243-28X10'*7+0.08X 10* F* „ lAl _ 
ifi* -203,^00-3.3274 1.54X iQ-'T*-OMXWT- 
V/l*- 203,400 + 3,3277*7- l.MX HHP-O.W 
XlO»t-i+14*6BT 


T-ELERMODr^AMJC PROPERTIES OF 6 S ELEMENTS 

Tribarium Dinitride, Ba^Ni (c) 


r. w K. 


Sr 


* 


fS o> 
fJ4.WJ 
las-en 
ivt i) 

tl7. ST) 

tW 91 

tSI.W) 

(54.3) 

-306.300 

-3X*0 

-1)4,503 

-ax, im 

-133, 450 
-3C3.3CO 
-*a. 900 
-306, ICQ 
-3CH.A0O 

AT' ..... r , r - - - 

i.floc 

3 TOO 
1.S30 

r.soo 

S, 6CD 
11. K0 

i). em 

IS. SflO 
(34, QflO) 
t», S0Q) 

fcTII „ , , . . .. .. 

gj] . .. 

300. ... 

ST ............ 

*30 . .. 

I.IXC_....-- 

i.i®. . 

2'{K0 ... 




(-1«. *xn 

{-IS. SB) 
J-l&i. SCI 
i-isi, joq: 
{-its, too- 
t-rtiDoj 
[-m.aao) 

(-1B3.M01 

(-119,0001 

<-iza.a»] 


Barium Dibromids, BcBr^ (c) 

- iso,000 caJarits per mole (JJ) 

S--(35)<* C”J 

M,P.= 1,120° K. fff) 

AW*f« (6,000) Cilcriei per mole 
fl.F,-2,100* K, (S) 

if.Hr - <50,000) c»lorirt per mole 


Formation: Ba + Br f 


(estimated (i/)) 


+BaBr 3 


T. * K. 

Hr- Hp 

Sr 

AWr 


m 


(Itf) 

-uo.oco 

f- in, owi 

SOU....... 

{■. SCO) 


(-UTUE0I 

f-ier, oooj 

1,033, ... 

(n. 3mi 

E»J 

(- PC. n») 

{-1«, 000) 

1,400., ... . 

(Jl. 40)3 

tr*3 

t-ira ecu) 

(-111. Etui 


Barium Diiodide, Bal 3 (c) 

- 144,600 ± 1,000 carries per mole (/I) 
5,* = 39 f .u. (//) 

Af.R-SW* K. (8) 

= (fl r £QQ) calories per mote 
fl.P. = (3,000°) K. {8} 

&Hr — M 5,000) calorics per mole 


Foni|fthon: Ba + 1 3 ---~*BaI 3 

(tali mated {//)) 


T. * K 

itr-ifm* 

Sr 

aJ(r 

4/^ 

». 


(fi 

-144, flOO 

(- |4J,00CTi 

MO-.,. 

(iipcn 


i-ta, JOTI 

[-iiaoocn 

LW0-. .. 

tai. 7op 1 

(Arc 

f-tii.Aom 

(^131.407,: 

E40C. 

(13. 3W) 

(*:■:• 

1-llAMOl 

t — in*, aern 


A/7j*— — MJ.GOO calqries per male i9) 
A^-36,4 f.u. (fll 
Deco ru poses = 1,270° K- {&) 


Formation: 3 B&+Nj- 


(estimated (5J) 


+Ba 3 N 3 


r*E. 

i/f 

29^.. 


sno. 

[-11. SOD'I 

i.OOC... 

(-33,300) 


-60 


-E€0 


■■rt 

Jr* 


—7r 



6*01 

»40 

B*1 

fcrl-j 

ltd, 


y 






^ 1 











1 J 


flf.J 1 

) ■ 

a#ci, 

F 

F 

}- 



















_ 


g*F t 





k 





TEUPlRiTuRf:, *K 
Fiodie 4.— Barium, 

BERYLLIUM AND US COMPOUNDS 
Element Be (c) 

S„-2.23 *.u. (57) 

M.P.= 1,556° K. U**) 
iff* = 2,300 calories per atom 
B.P,“ 3,243° K. i 188) 

A^r-&My0 calories per atom 

Zone 1 (e) ('298°-1,300° K.) 

C*~3.4Q + 2 90X 10 ,:, T (571 
Mr -- U43 + 3.J0T+1.45X lO -1 ^ 

F r —H,-- - 1.143-14077*7- 1.45X LO' 1 !^^21.347 


E&AT CONTENT, HEAT-0 F - FO EtMATION, AND FREE-ENERGY DATA 


t 


/ 





Sr 


T 


jag 

4fH 

MG. 

flOG 


rVJL 1 ... 

fto - 
Bttt . . 

i,rco~ 

i.im. 

i^oo.. 

1 . 300 ., 

L4CC-. 

1.503.. 


os 

SCO 

M15 

1,«5 

% 

a. us 

3.7i5 
1,SA ; 
4. XC 
5.&L5 
■16.480) 


s.s 

2.38 

1 Ifi 

1 w 

4.M 

ATft 

1 » 

1 34 

5. 14 

3.33 

T. 1C 

193 

T.B1 

1-33 

ta 

L TO 

9.« 

L07 


5- 43 

W.M 

S. 77 

(10. IV 

(fc W 

(11-25) 

it 44? 


Beryllium Oxide, BeO (c) 


Formation ; Bg + F 3 --»BoFj 

(estimated (/j)) 


r. * k, 

Jf/r— 

Sr 

aifr 


29& ..-. 


11T) 


l-iii. wm 

500.... 

"(3, 4.7TI 

(2i j-j 

r ” §e" xr 

],0Qj ____ 

(12, DOC) 

[K.OCCTi 


(—224,5011^ 

1 (-215.500) 

(-Ite’ffiCO 
t— 163- fOul 

1,{(B ,....,_ 

St> 



Beryllium Dicklonde, BeCl 3 (c) 

AWan = — 112,600 calories per male (J|) 
(23) r.u. [11) 

M.P.=67B d K. (5) 

A//* = (3.,000) calories per mole 

RjP*=CS20°) K. (8) 

j\Hv^ (25,(300) calories per mole 


i// 5 w = —143,100 calories per mole (M) 
3.37 f.u. (W) 

M.P,“ 2,823° R* (45) 

A Hv —17,000 calories per mole 
B.F, = 4,533° K. (+f) 




Zone I (c) (29SM,2t)0 o E:.) 


C, 

Hr-Hin 


= g 45 4 4.00X10“* 7-3.17 X 10 s ^ (57) 

= ^a,760+S.«T+2.00XlQ- J P+3.n 


Zone II (c) ( 1 , 200 ^ 2 , 000 " K.) 

(estimated (^4)) 


Formation: Be + l/^Oj- 
Zone I {29S°—1,000° E.) 


->BeO 


Formation: Be + Cl 3 —-*BeClj 

(estimated (U)) 


T+ E. 

Hr~H a , 

St 

AfJr 


y __ 


! ( 23 ) 

- 112 ,em 

£-m«ci) 

SOG... 

.aioo) 

( 3 ^ 4 ) 

(- 112 . own 


1 . 0 DO— -----. 

( 4^0001 

i tf£ ° 


(-* 4 . 600 ) 


Beryllium Dibromide, BeBr 2 (c) 


aH \*“ — 70,400 calories per mole [H) 
(29) f.u. 1H) 

M.P.= 76l° K. {6} 

AFv— (4,500) calories per mole 
RF =(800°) K. (5) 

A Hr* (22,000) calories per mole 


aC = 4 -1 47+0 60X lO^T-S.&T X 10“ 7^ J 

iH;= -144,560+F47T+0.30X IQ-*7*+2.67X10*^ 

144,360^ 1.47 77n 7-0.30X10-^+1.48 


r,' k. 

Bi-Hm 

St 


a7r 

JQt ____ 


137 

1 -143.100 

-13A100 

4TU ... 

T3D 

L 45 

— 143, 150 : 
-143, 2» 
-143. IOO 

— 133, TO- 
-131,400' 

— 138, SCO 

an .... 

1,5?*] 

T- 55 

600.... 

3. HO 


fffl ..* 

l«o 

10. 71 

— t4i too 
-liAiOO 
-142.700 

-U4. KG 
-122,000 

... 

900...,__ 

4.™ 

AB30 

13.20 
13. H 

1 COO . 

T.01O 

14.77 

— 142, 540 
-142,300 
-142, I® 
t-Ml, WO) 

-1+450 
-115,250 
(-112; 
(-111, ISO) 
(-109,250) 

l’lOg ____ 

a, ho 

IS. 94 

IJPQ.. 

1,1 ]0 

17.06 

1 S* 1 " 

(11,170) 

^ Mmmmk - 

1 ^rij 

(lAxm 

__ 

( — 141,7W) 


[13,530) 


(-140,500') 

1 r SA', -...—-- 

* PTtl 

rai.jcOi 


(-142. WO) 

(-TT.ffij]; 

Jr ....1 





Beryllium Difluoride, BeF 2 (c) 






£^*=(-227,000) Cf 

5™^ (17) f,u un 
M.P= 1,070° K. (5) 

aF m — (6,000) calories per mole 

£.R-U,6«n H. (5) 

A Ft - (40,000) calories per mo)e 


Fo rmatio n: B a + Br 2 -—»BeBr 2 

(estimated {!!)) 



I\ l E- 

Ht-Mwt 

St 

&J~i T 

AFt 

— 

Jflg __..... 


(37. S) 

(SB.aj 

- 79 , *m 

(-BE.SW1 

{-7^,500) 
(-J0, SCO) 
(-», OOO) 

SCO. .- 

1,000....*. - — - 

(3. 400) 
(39.000) 



Beryllium Diiodide, BeL (c) 


39,400) caiories per mole (U) 

Sm=(3D (13) 

Af.F.—753® K. (5) 

AHit= (4,500) c&lorita per mole 
B.R = 760° K. [€) 

A Hr “(19,000) calories per mole 


Formation: Be + L—^Bel 3 
(estimated (H)) 


T. * K. 1 

Kr-Wp* ! Sr 


. ’ (111 

ij]. . .. 

9 p 

ii 

1 AX' ... 




























































































































































































THERMO DYNAMIC PROPERTIES OF GS elements 


Triberyllium Dinitride, Be,N 3 ( c ) BISMUTH AND ITS COMPOUNDS 


— 133,500 calories per mole (£*> 

= 12.0 t u {31) 

M.P =2, 470° K- {#} 

Zone I t c) (23S*-S00° K.) 

C, = 7-32+3O.BX10- J 7 {Si) 

Hr-Hxm= ~ 3,550 + 7.32 7+15.4 X W 1 T 1 

Formation; 3Be+N s ——-——*BejN a 

Zone I ( 29 S°-S 0 G° K.) 


Element, Bi (c) 

&*= I 3 .fi t.u. {83) 

M P. = b4 4.5° K. (M) 

" 2,600 calories per attorn 
fi.P.= l,B32* K. UJO) 
a 36,200 calorics jjcr atom 

Zone! (c) (298°-544.5* K.) 

C,= 4+9+5.40XlQ- J 7 (gS) 

H T -N m ^ -1,579-4.49T+2.70X;0- 1 7^ 

F r— ffm= - I r 579-4+97InT-2.7QX 10“ , ? ! +1B.0S7 1 


d,C*= — 9.54 + 21.0SX ID’ 3 7 

i^3-=-131,600-9.347+10.54 X lO-'T 9 

if r = - 131.600 + 9.54 77n T- 10-54 X ICT'T 1 - 13.14 T 


T. * L 

Hr^Hm 

Sf 

iij; 


JBS - . 



-i33. m 


ino .. 

1.54C 

57.73 

— 133. ■SCO 

-m.OT 

ino .. 

3.9SO 

2l.-W 

-133. 7D0 

-J13. i no 

nm. 

fl h 42U 

26,47 

— 133, *50 


.. 

HQ___ 

(.W 
12.130 

30.75 

ft: 

-133. OCO 
-137,500 

-1(H, *C0 
-101,000 

WC___ 

1 mo . 

{15, JCO) 

£39, 3001 

(43. 3 ticn 


£—131.b00; 

{-as,2«71 


( — 1JW>, 50tu 

{—&+, ££1) 

lice... 


£-123. ]D01 

(-77. Bcnj 

J OOQ ___...... 

GxnCI) 


{-lOs.afij 

(-64 IOC) 





Figure 5.— Beryllium, 


Zone II (0 (544.5M,S00° K.) 


€7*.—7.50 (m 
Hr-Hm=l&Q + 7.MT 
Ft- 180-7.50Tin7+ 32 347 


r. - it 

Hr-Hm 

Sr 

{Fr-HTul 

T 

M..,„... 


11 A 

11 A 

*0(3_ P ... 


14 17 

116* 

H»__ 

1, 3+5 

17. 01 

UM 

COO.... 


*3. U 

1434 

700.... 

5. *30 

34-30 

It 54 

*M.. . 

A 160 

24 30 

17.56 

SCO.. 

A SSCi 

36. IS 

is. *a 

1, 000______ 

7 r SW 

3E. &7 

19. 3i 

1, ice...... 

A *30 

77. 57 

30.01 

i, aoc.. 

9. (50 

3, B 

30 6” 

i,«o.... _ 

i r *cn,... _ 

#.M0 

10. «Q 

11. oa 

33- 93 
2&. *7 
S » 

21. 3 

1, SCO.. 

T2 37 

s. 930_..... .. 

11 iso 

3C. *S 

els: 

1.70Q. . . 

11*30 

30. 93 

14 31 

l.BDO. .. 

l:. stoo 

31- M 

3.7e 

.. 

(54. «01 

(43.ST3 

{24. «3 

2 000..... 

{54170) 

t3+E3) 

(34 S5) 


Bismuth Oxide, BiO (c) 

= ^40,850 calories per mole (I It} 

5»,^(i6.4} *,*. (**} 

Formation: Bi+l/20 a -+BiQ 

(estimated [ 24 )) 


T, " E. 

Hr-Him 

LHt 

*r* T 

2SA... 


— *9,64> 

( —U, 30C) 

«0. . . 

SI, *00) 

{-4v. vc;. 

(-41.000) 

SCO. 

(1 *00) 

(-13. SCO ) 

£-39, QQQ ) 

su. 

(A 1001 

(.-51,500) 

£-34 SCO) 

700.... 

(AXQ1 

£-51,500) 

(-14,000) 

800. 

(4 *00) 

(-51.500 

[-31. BOO) 

5*0.... 

(4 seen 

(-51, &D) 

(-^.tldC) 

1,000.. 

ra.XEi 

(-51. OK.) 

(-X 801) 

1. 100,.__ 

uo, affij 

(-SC. fflO) 

(-14.301) 

i,aoc... 

(12, Orel 

(-50. BOO) 

(-n.ooo] 

1.300... 

£13, ijOl 

(-30. fiOO) 

(-19. 3001 

i. 400..... 

Hi mi 

(-50,0001 

(“17.0001 

1. 500. 

(14X0) 

(-30, 000) 

(-Efc DUD) 

1, ado 

(IT. 4C01 

(-«. 8001 

(“12.5001 


394 


HEAT CONTENT. HEAT-0F-FORMATION, AND FREE-ENERGY DATA 


Dibismuth Trioxi.de P Bi z 0 3 (c) 

affrii= — 337,900 caloric?, per mole [115) 

5 m— 36.2 r.ii. (£3) 

Af-P.* 1,090* K. (MS) 

= 6 P S00 calorie? per mole 
S.F.= (2,l60 a } K, (W) 

Zone I (c) (2&B°-*OO a K.) 

C,= 24J4+ a.OOX 10-*T (£2} 

-7,732 +24.74 T+4.0QX lO^T 1 

Formation: 2 Bl- 3-3/20;.-*Bi : 0;j 

Zone I (29$°-S00° lv.) 

AC, = 5,02-4,30 X l0- s r+0.fiDX l^T" 5 
&H T = - 139,000+5-02 7— 2.15X IG-’n-O.&QX lt^T' 1 
&F t = ~ 139,000— 5.0271*7+2.15 X lO^P-O.SO 
X 10*7-1+06.57 

Above 800 D K. {estimated [£<£)) 


T. m K. 

Wr-zr™ 

Aftr 

5fr 

.. 




500. .. 

h.cooi 


— 7 ft. DCC 

looi 

(-54 50)1 


Bismuth Tiibromide, BiBrj (c) 

A^E- 60 . 000 ) calories per mole (If) 

5»™(a41 e.Tt. ( 11) 

M.P.= 49 I s K. (fl) 

(4,0001 calories &er mole 

£.7.= 734° K. fff) 

A Hr= 18,024 caipries per mole 


Formation- Bi+ 3 / 2 Br = — -»BiBr 3 

(estimated (/i)j 


T, * K. 

Ji T-lfm 


air 

2>, . 


(-33.000} 
(-%, SC) 


iOQ .. 

{7, 000) 

(-4?!an) 



T+X- 

Hr-Hn* 

Sr 


1 -Ft 



M .2 

“i J 7 , 

-U 4 7 tC 

ICC_____ _ 

1770 

4 * . 2 

— 137 , S.C 

-U 2150 

5 ft)____ 

46 M 

50 . SC 

—137 IOQ 

- loi, sc 

HD __ 

s, sso 

44 Eft 

- 142 . DCW 

-«. 30 O 

TO .- 

11 , 550 

00 . 51 

- 141 . TO 

— 92 00 ° 

seti ... 

14 . 020 

64 . 61 

-£ 41.300 

- & 4 .ASC 

000 ... ___ _ 

(IS. L TO) 

( 96 - 36 ) 

(- 14 SX 5 ®) 

(- 77 , Si») 

1 , 0 ® . .. 

( 21 . OOO ? 


£- 1 * 0 . 300 ) 

(“TO, SCO) 

[ 100 


£— 132 , 500 ) 

i-M. 

i orn 



(- 131 . ECO) 

{-B 4 0 MJ 

1 SCO,,.____ 



f- 130 , £W) 

(-S 2 DOO) 

l| |00 .... 



(- 131 , Oil) 

-44 0 CO 1 

1 . 500 ____ 

I--"-.”” 

nil mini. 

(- 128 , 000 ) 

f-*aoD 0 ) 

i a si . 



(-134 5001 

(“ 34 , 600 ; 





Bismuth Triftuoride, BiF 3 (c) 

Afft**—(— 216,000) calories per mala (U) 
£w=(34) c.u. {11} 

M.P. = 1,000“ K, (ff] 

aJT* ~{6,2Q0) calories per mole 

a.R = (1,300°) K. {6} 

A/iV= (28,000) calories per mole 

Formation: Bi + 3/2F a —- —^BiF, 

(estimated (JJ)) 


_ TV ■ S. 


a^r 

it; 

296..... 


(-214 MM) 
(-1L3.50Q) 

[-300,000] 
£-184 SO&] 

iff ... 

(A. 000) 



Bismuth Trichloride, BiClj (c) 

A #;*=—90,500 calories per mole (J2) 
S a *^45.& e.ii. (11) 

M.F.-502 C K. (fi) 

Aff* =2.600 calories per mole 

RR=nr K. (6) 

AHr— 17,354 calories per mole 

Formation: Bi-r3/2C1 a ->BiClj 

(estimated (//)} 


Bismuth Triiodide, Bil 3 (c) 

a = = 23,TOO calories per mole f 11) 

St*=i 55) ru. (JJ) 
jtf.F. = 6B:° K. ffi) 

Decomposes =773^ K. 


Formation: Bi + 3/2l 3 --——*Bib 

(estimated (iJ)) 


T. m E. 

/ft- 

±H'- 

af; 

3E,.. .. . 


—23. TOO 

(-2T. 3001 

soc .. .. 

(6,000) 

£—*4, OCMi 

(“33,030] 




Ic:vlPeRiiTUfl£ h P K. 


Figcee. 6.—Eismijth. 










































































































































































THE EMO DT*N AMIC 


PROPERTIES of fl* ELEMENTS 


BORON and its COMPOUNDS 
Element, B { 6 ) 

CL-^J+C.U. 

M P =2.300° K. iU) 

=5,300 calories per atom 

I W [298°-l,20G° K.) 
r-LM+4.40XJ0-T (W 




T. * E 

Hr- Hm 

Sf 

-- 


L 4 

7®-—-- 

--- 

217 

4®*----- 

MO 

1 so 

MO--- 

i.cao 

153 

.*---- 

1, wa 

4. 54 

TCP*. *•—“** 

X D*0 

130 

WO--..*--- 

3.570 

5-tl 

too,—----- 

X 130 

a 4i 

I^OG,.... 

J, TOO 

194 

1.1W---.-. 

t T70 

7.45 

L30O... 

(t MO} 

(9-15) 

i,a»-..—— 

2.0C0...—.- 

(11,225) 

(lUD 


Boron Oxide, BO (g) 

A Hi*-5,300 calories per mole (US) 

*.u. iSS] 

&F}m= 11.600 cdoriea per mine 

Diboron Trioxide, BjOj (c) 

^^ 1 .= — 305,400 calories per mole (//£) 
S,*^l3.04 e.u. (S3) 

M.P,= 723° K. ff*> 

A-f/n-=5,500 calories per mole 
B.R =2,300° K. US) 

&Ht— (TOpOOO) caJoriei per mole 

Zone I (c) C29S°-723° K<) 

c^S-Ts+^s^oxio^r-ruaixipr-* c«) 
^4,170+&.73T+1X70X 10-^+1.31 
Xl0 i7-T 

Zone!! (D [723°-1,800° K.) 

C_=30.50 i*t) 

Ht ^H^ - 7 p 59Q+3a50 T 


->B 3 Oj 


r, ■ t. 


St 

AH? 

3^.. ,--. 


13 04 

“30S, 40O 

« 0 C....,.. 

I.54C 

17- 75 

— 305. «0 

ax .**.,. 

X TOO 

n S 3 

-3M.K0 

«T 0 

i.R60 

ST. 27 

-3(+4,OOC 

TDC. 

1340 

30 10 

-304-"W30 

RQC. . , ... 

Ifl. S10 

41. to 


9t».- ..... - 

lif.BTO 

#124 

— 237. fieri 

1 , 000 .--. 

71910 

r 4K. 4 .4 

. -;vs. eco 

1 IOC. 


| AIM 

I - 2 W. 

L.3U0.. .. 

ri.otn 

W-OS 

; -295,600 

IJOO.... 

31 WJ 

I 50-45 

(-25*5. 200 ! 

I,to 0 ... 

3i m 

sin 

(-294. yOG) 

l r 5CEi.... ., . 

». iro 

K <> 

(-294. 700) 

r&oo _*. 

41. Sri 

1 S179 

(- 2 W. 500) 

3.7IX,.. 

W, J S! 

64 M 

(- 2 W. 20 O) 

! 


—UfcA 400 

-rv wo 

-273, WO 
-2fn, DOO 

-391, BOO 
— 3iS. Jts> 
-244. SCO 
-239, ISO 
-234,000 
[-220. MS 3 
I-234. WO) 


M 

LB 

1. 78 
ica 
iW 

2. U 
IK 

ia 

a. 57 
i® 
fi. *> 
(t nj 


Boron Tiifluaride, BF 3 (g) 

“273,5flQ calories per mole (4*) 

St* = 60.70 i.u. UJ-) 

M.P.= 145 5 K. (8) ■ 

Atf* = *3G calories per moie 

5 .P.= 173 - 2 ° K. ( 0 ) 

A/f r =4,620 calories per mole 

Zone I to (2QS°-1,000 p K.) 

Cm— 17 44 + MOXXO-T-2.12X 1&T* Pf> 
Ht—H r*— — 4 r 72Q+ 12-44T+3-35X i0 _ 1 T*+2.1^ 

Formation: B + 3 / 2 Fj-^BF 3 

Zonal ( 29 SM, 00 G° K.) 

A r = 64 + 1 MxlO-'T-0.92X lO 4 ! 1 - 1 

£&l = -273,420- ].54 T4- 0- S2X 10^ J T* 92X10* T " 

-273,420+ 1.54 m T-0.S2 X 10- | F I +0.46 

^lVT-' + l-M T 


Formation: 2B+3/20?—— 

Zone I (29SV723 0 K.) 

AC^^S.M + IS.IXI^T-O^IXIO^T- 1 
A Hr- ”304 690 — 5,00 T 4 7.55 X IQ^T 1 +0.71 X lffT " 3 
AF t ^ - 304,690 +5* W Tin T-7. &5 X IG“ a 7^+0*355 

XI0 f T ta t+34.3T 


l.mg 

1,'W 

4,uiq 

s.*a 

7.6» 
r un 

n. 33D 

(u,a*0) 


900.*.,,*_-.- 

i,mn **— . 

1,100.-*-**■ 

i^tn.- 

!,*».— — 

1,400.. 

1,303..- —** 

1,800.... 

U00....„-*..- 

1JOO . .- 

£™: *°> 


sc n 

fA. 10 
37. 7? 
70. 54 
73.® 
75,38 
77. *3 
71.33 


&Hr 


(31, MQ) 


-2T3.MO 
-773, MO 
-273. ISO 
-273, BO 
-771, 970 
-374, OSD 
-274,140 
-274. J7i 
f-774, &»! 
(-774, 010) 
(-273, PCD) 
(-273, WO! 
f-173, SB) 
(-173,™) 
(-371,M0) 
(—272, 4*01 
(-373,330) 
(-271170) 



Boron Trichloride, BClj (g) 


Zone II (723 H -1,200* K.) 

AC,- 16.68T-10,3 X 10-»T+0*60X 10* T ^ 1 
Atf r = -308,150 + 16.&8T” 5,15X Kr‘r-0.60 
Xl0*7 1 - ! 

AF t = “308.150” 16 58TinT+5.15X lO-^-O.OO 
X 10*7^ ] +173.25T 


Af/v*= - 94 .&D 0 caloric per mole (II*) 
S»-69.23 c.u. (Nfl 
JW.J 1 .- S66 e K. {6j 
i// M - f-VKl) CAlorn-rt [XT niolti 
/j.F. ^.n- K. (m 
Al/ r 5,700 oalimm |xif 


HEAT CONTENT, H EAT-OF-FORMATION, AND FREE'ENERGY DATA 


Zone ] (jj) (298'-1,000“ K.) 


C .= IB. B6 4- 2-86 X IQ- 1 T- 2.44 X WI" CW) 
f; r _/f*= -5,8704- 16.SST-r l.43XlO- j r , T-2.44 

X10*T-‘ 

--i-RCli 


Formation: B^-3/2Ul. 

Zone i ( 29 8 “- 1 , 000 ° K.) 

4C.-2.09-l-63XlO' 1 T-l.42X10*^ 

iH r = -95,525+ 2. 09T-O.S13X !.« 

y 10* T -1 

-n.=S.525-2.09TIitT+0-8l5X 10 - 1 T I +0.7L 


T, ’ E- 

Jfr- 

Sr 



&v.A 

___ 

w, .... 

i,»b 

73. B3 

JOG ___ 

3,295 

77.Ki 

«»....—*-- 

7W1.*. - 

5,065 
6,6*5 

BG -21 

S3. 71 

JOG---- 

WC.. 

1 , 000 .—. 

1,100 __ 

a, 745 

10,630 
IS. 530 
fH 5301 

19 

SS-H 

K 41 

1,300.. 

53 OO. 

(LG, 500) 


_ 



.. 

LMC-I ..-*..., 

(22,700) 

--- 

h™”“.’ "" 


1300—*-..*—-- 



1000 .. 

(33, WO) 


1 


lUr 


an 


-M,40C! 

-W. 396 
-W,33C 

-94.343 
-&4.3C5 
-94.130 
(-94.08011 
(-94.0W>, 
(-94.090)1 
(— M. 1001 
(-M. 130)1 
(-94.339)1 
(-94,250!) 
(-94,iTD)i 

(-«. 425)| 

(-M.530! 1 


-w, aoc 
-*», 460 
-SLiaa 

-ST, (MO 
-Sc.aK' 

-S3,5K 
- 32,160 
( — Si, 7301 

(—79, CfiO) 
(-77,750) 
(-7^,650) 
(-75. 6501 
!-74 r 3Gl); 
(-H 100) 
f—71, WO) 
(-70,600) 


Boron Tribronnde, BBij (0 


Boron Triiodide BI a (c) 

A Him — ( — 27,600} caloric'? per mole !J/] 
S^=(Sb) e.iL (JJ) 

f —3l f l00) crLiories per mole 

^.P.^316 5 K. (ff) 

&H m = (1,000) caloriM perTTiole 

J n.F , , = 4B3 T1 K_ (ff) 

A/Jr= [10,000] carlories per mole 


Tetiaboron Carbide, B,C (c) 


—13,800 calories per mole (Iff} 

S™=6.47 c.u. m) 

M.P. = 2,623° K, (5.) 


Zotie I (c) (29S°-i f 200° K.) 




Ih-H* 


= 22 Q9+5 40 X (D’>T- 10.72 X l^T' 3 (Si) 
= — I0,690+22.99T+2.70X 10"'T J +10.72 
XIO 1 ^ 1 


Formation: 4B — C— 
Zone I f29B a -l ,200° K.) 


->B,C 


AC P = 12 . 73 - 13-22X U>" 3 T—8.62X lO^T -1 
aHt= - 20,000 + 12.73T- 6,61 X Itri 1 T 7 -r 8.62 
X 10* T^ 1 

AT r = -20,000— 12.73 Hn,T+ 6.61 X 1G _1 7 , + 4.31 


> 


A/f5*.= - 57,900 calories per mole (JfO) 

S™^53.9 f.u, (Jl> 

MT.= 227° K. (6) 

i/fw = {700) calories per mole 

BP. -364.4° K. (6) 


Zone* 1 to (364.4°-] ,000° K.) 

C, 

Hr- tl** 


= 17,83 + 2.04X 10- J T- 1.95X TO 1 ^ 

= 7,160+ 17.B3T+ 1.02X lt+^+ 1.95 
X lO 1 ^' 

Formation: B + 3/2Br a -*BBr 3 

Zone I (400°-l,000° K.) 

aC-= 2.73 ”2.36 X 1 0~*T- 1,4CX 10 * T - 5 
AhJ= -57,460+2.73 T- 1.13X 10-*T 1 + 1.40 

Ajp^-V4TO-3,73mr+I.lSXUMP+0.T0 


T . 1 SC 


JOG.... 
600,,.- 
7C0.. 


!».. 

WO........ 

L3C0.*■ 

um— 

. 

!J0C..... 

1,400-.. 

i h jog_.... 

a,m_**.. 


Ffr-Ht- 

St 

iFir 


53,9 

-57,900 

H.WG 

*L 46 

“5A3O0 

16.'"740 

BA 43 

-56.120 

tfl. 575 

89,77 

-SAtPC' 

20, 450 

22. M 

-55, KO 

22.350 

95- IS 

-M®0 

24.270 

97. 45 

-55,3ffl 

26, 200 
(■>*, 

W 49 

1_ r - ; T - 

-S5.S40 , 

[34L 45D1 


...... 

(31 53D) 



(34. 700) 


...I 

(36, 6Xil 

.. 

Hr-simo) 

(4L6GO) 


1 (-io.S»)| 




-57. wo 
-$0,K0 
-49. IDO 
-47,700 
-44, *0 
-UtKtf 
-43.MQ 
— C* 300 


(—40, 900} 
{-39,500'* 

{—a, lw) 

(-36, 7CG! 
f — 3*5, 400' 1 

(■-■a, soot 


T, * E. 

Hr-77m | 


- ..-• 

4®___ 

1.820 ■ 

500.*...*_ 

3,510 | 

WD.. . 

5.350 ' 

TOC..... 

i34G | 

WO.. 

ID, 760 1 

900.,... 

13. 32* ; 

1 , 000 .,.. .. 

i 6 l m’ 

1*100 ____ 

1J-3OT ' 

1 ^ 00 .... ... ■ 

■ 21.565 

1 ,SO 0 ... 

1 30,550 ■ 

1.000 . 

} (46,550)1 


1 

Sr | 

j 


6 47 

-13. BOD 

-13,300 

10.82 | 

-13.600 

— 13. ISO 

1165 : 

-13,450 

-13. 1® 

19. 54 

— 13. 300 

— 13, 1*' 

Si 36 

- lSL 150 

-13.050 

2&. 77 

1 -13. DM 

-13,000 

73. 52 

-13. DOO 

-12. 9JC' 

3155 

-13,000 

-IS, 9W 

35. 20 

-12,950 

“ts.aso 

37 65 

-12.900 

. -12. 750 

44.35 

(-12 &BT) 

| (-11,500) 

(8164! 

I'- 

T‘ 


Boron Nitride, BN (c) 


-60,700 calories per mole (3J1 
S>*=3.67 t.u. {35) 
s F = S 270° K. (5] 

Zone I to (29S Q -L200° K-) 

C.=3.64+7.24 XlO^T (78) 

Hr -^ i ;^-l f 38O-3.64T+3.62X10-r 

Formation: B +1;2N^ 

Zone I (29S°-1 t 200 q K*) 

AC.= -1.23+2.33 X10“ J T 

AW;= -60,950- l- 2S F-r L15X ]0 ' _ 94r 

AF t ^ “60 r 950+1-23 TlaT” 1.16 x tt> I ■ 

















































































































































THERM0DVNAM1C PROPERTIES OF 6 3 ELEMENTS 


T. * K - 




4tf?---- 

1.340 

3.Q7IJ 

3.MD 

3, *43 

(DO.—-- 

TOO.... 

sect”—.—“ 

ft 440 

ato 

awe 

MC0 

i+ffl..,.—— 

5 3X--— 


Sr 


iF'r 

7.34 

TO 

-M. sao 

r 16 

-40. TO 

-S3, BOO 

10. 7i 

-to. TO 

— SI 300 

li« 

-to, 7SO 

-so, ao 0 

13. M 

-to.Tto 

-<a ETC 

1*. I' 

-K.TiO 

-47, iso 

I t 7S 

-4C‘. 530 

-ii. «D 

la x) 

- to NX 1 

- 41 , 7to 

it. n 

-«.<ae 

-iX 1Q0 

la if 

j -®.25C 

-40.300 



T, " E. 


Bt 

{rr-Hv*, 

r 

2B6 ... 


3C, 4 

V 4 

WO.. 

TO. . 

ItJL 130 

12. T4 

H n 
«, 13 

4i- ia 

4ft ftE 

«a iw 

3 m. ... 

TO. . ■ 

li 3W 

fi“ 71 
fc sn 

si. &4 

£3 ii 

I, ME. , 

1.100 . ’ J “ “Ul 

i. aoo . 

i.TO_..- 

1,400 . 

U Q] 3 

-It TO 

14. tlfl 

1ft. TO 

7Cl flt 

71. in 

n sa 

T3. M 

ji 
Sft -SC 1 
£. 30 
S 37 
SO 3Jfi 

1, 6CC. .. 

I, BOO.. ..*■ 

h ra.. .. 

1.300 . .. 

1. TO., 

ii SJO 
li 1S7 
(30. HOI 
III. 3401 

73. 3ft 

7t S4 

is. ia 

rift 74) 
(7ft as; 

51.3ft 

ft; 11 
fc 02 
(33. TSj 
(64 451 

iOOO... .. x 

i +i L4U1 

til. EHO) 

(Tft 74J 
(77.34) 

(at») 

tat 72;, 


CADMIUM AND ITS COMPOUNDS 
Element, Cd (c) 


Sjh= 12.37 e.u. (gg) 

M K, IS£) 

—M50 calories per atom 

B.P. = l,03S g K. (?) 

AH> = 23 t tJ70 calories per atom 


Zone I (c) (29S°~594 0 K.) 

C, = 5,3l +2,94X 10 _I 7 T (J£) 
r r-J VV"“ — 1,714+5.317'+ 1.47X10“*!’ 

* t ■= — 1,714 — 5.31 Tin T — 1.47 X 10~*T»+2+07T 


Zone II ([) (594 D -1 1 038° K.) 

C,=7.10 m 
n r -/fm= -810 + 7.107 
Fr-H IJB = — S10 — 7.10 Tin 7+32.99T 


Figcrj: 7—Boren. 

BROMINE 


Element, Br a (I) 



£.F.= 
aH v = 


36+ e.u. (jji 

265,7" K. (US) 

2,530 calories per atom 
331“ K. [ US) 

7,4IS calories per atom 


Zone I (I) (29S°-33l a K .) 

C^u.im 

Hr- - 5,090+17,1 7 

A r — H,*— — 5,090 -17,1 T7n 7+ 77,6 7 


Zone II (j) (331°-1,600' > K.} 

C.-9.W-o.37y IC'T'-MWi 

Hr - H Mt =+ 94 Q+ 9.04 7+ 037 x I0*T- 1 

Af“- n tm = 4,940 — 9.04 Tin 7+ 0,185 X 10 1 T' 1 + 0 ! 


Zone III fo) (1,038°-2,GOO Q K.) 


C,= [5.0> (W) 

«r- Hw- +25,370 + 5.07 

A r —/7m— +25,370 — 5jQ77n 7—6.577 


T. ' K. 


St 

T 



11 J7 


400... 

j . _ 


tod. 

L U-! 

ita 


tod. 

3L 4KJ 

ta Ii 


lane 
13 r 

TO 


m jtn 


TO 



It 57 

TO 

1, TO. 

h. ^ 

D 4ft 

laic 
1ft Ofl 

1,100. 

fJX Tra^j 

Xl. 04 


Ift 

;n.tu 

1.300. . 

^31, TO 'i 


t 

) h TO_ 

{3l' TO) 

r “ifi. kS ! 


X sc: 


(3i TO) 
(32. TOO) 
(U.TOJ? : 
(M. TOS 
rit TO! 
f-M. nii| 
PA Jif! 

(47. Si> 


zt8*l 

L. E00.... 
t.WO . 

L,7TO 

I. TO 

141 Wl 
(48- 41) 
54ft 72) 
t« CD) , 
(« ITS 
(4« Ui 


>1.743 
,3ft ») 

* «u 

l.TO 
iTO. ... 

< 

D.«) 
3t on 
n rj> 


HEAT CONTENTj HEAT-OF-FORMATION, AM) FREE-ENERGY DATA 


4 


Cadmium Oxide, CdO (c) 

—61.200 calories per mole (98) 
5m —131 e.u. (£4) 

Formation ; Cd + \f2Q< -->OIO 

{estimated (£.f)) 


T. * E 

Nr- 


1/1 

738. 


-ftL.HK 

— 54, HE 

(00.. . 

"ti. i®i 

\ 

;-61, 1X3 

(-51. To) 

(flft. 

{X 1U1 

\ 

— a L. IX) 

(-47, TO) 

fOO ,, . 

{ 3 , 25 m 

5 

-&X 5GC) 

(-44, 4<Tj 

TO 

n.350! 

. 1 

;-a3L scoi 

{.—41, POO) 

tm .. ... . 

ft 45i>! 

j 

-K2.50O 

1 C—IB. XO) 

TO.. .. . 

(ft 600! 

1 

»o 

t-J ft TOOi 

1.E3C..... 

(7. TOO) 

1 

! - 6i 400) 

f-JiTOC) 

1.1®. 

(9. DSO) 

1 

:-Bft LWj 

(-27,^0) 

l.SCC.. . . 

(.14,150) 

1 


(-ft TO) 


7) ' K. 

; am ! 

jr ? 

.. . 


1 l r i l i 

MC....--... 

«0.. 

T®_ 

scr.... 

ft^i SI*! 

>:5£ 

<»«*>■.:i 

. +S 

1 , 00 c. 

i.too. 

■—- 


Cadmium Dibr amide, CdEr, (c] 

*1//™- —75.800 calories p^r mole (11) 
l 5V=34.4 e.i u (S3) 
jW.F. = 84i D K. is j 
■A// w = 5,0OO cftlork-s ]h.t mole 
RP.^I,I30 e K. (€) 

&flr = 2 7,000 cnlorie.s per mole 


Cadmium Difluoride, CdF 2 (c) 


Affin= — 167,000 calories per mote (/I) 
5 m =(22) fi.u, (71) 

A/,J°. - 1,383 d K. {€} 
i/fw = 5,400 calories per mole 
■ £./». = 2,023* K. (6) 
a.Hr*= 52,000 calories per mole 

Formation: Cd + Fj-—-—^CdF} 

(estimated (11)) 


T , 1 3L 

Hr-ffn. 

4AT; 


SH... 


-hit, ow 
f-ito, B 03 
(-165,000) 

t-lfift«0) 
(-H7,0001 
(-12e,TO) 

KC... 

(ft TO) 

a*, to; 

(32, TO} 

:.to . 

1,600____ _ 





Cadnuum Di chloride, CdCb (c) 

AH** =—93,000 calories per mole (112} 
5+4—31,2 i.u. [55} 

A7F.-S41 4 K. (5) 

^//if =5,300 calories per mole 
B.F.= 1,240° K (5) 

0/fp=“ 29,S6t> calories per mole 

Zone I (29S Q -S00' 3 K.) 

C, = 14.64 + 9.60X10-* 7 [0£1 
Hr-H™--4,790+14.647+4.SDX10- I r ? % ■ 

Formation: CdriCh——-*CdCl 3 

Zone I (2D8°-594 K.) 

*1C»=0.51 + S.60X 1 CF 3 7+ 0,68 X lPT"* 

A H r = - 93,215 + 0.517+ 3.30 X lCr 1 T 2 - 0.68X 10 s 7^ L 
J F r = - 93,215- 0.51 TTn 7-3.30 X 1 0~* 7= - 0.34 

X 103 7-1+39+87 

Zone II (594 Q -S00 a K.) 

m\= - 1.2S+9.54X lo^r+o.esx 
iH r = -94,100- I.2S7+4.77X 10- 1J P-0.^SX ID>T^ 
-if T = “94,100+ l,3Smr-4.77X tr 3 7=-0.34 
X10 1 7^1 + 30.57 


Formation: Cd-rl3r a ——-»CdBrn 

(estimated (II)) 


r, ■ k 

tir-TIm 

AN* 


M . 


-75.SOO 
(-B2.&50) 
{—?6, IM1) 

-71,500 
( -64. 2M? 

( —4i,WO) 

see.. 

(4,000) 

! (to erm 

{53, TO 

],TO.„... l ..... 

i,soa..... 

! —&!. 3DC 1 ! 



1 



FlGvftE 8.— Cadmium. 



















































































































































THE F*MO DYNAMIC PROF EB TIES OF 65 ELEMENTS 


Hydrogen Cyanide, HCN (g) 
a *n_=31 200 carries per mole {US) 

*5^-48.33 (U 
Jp ~noA* K. urn 

AH+-40 ciioriea pet tnole 

ilF-M.8* K. (JJf) 

AHr=« r 027 calorics per mole 

Zone I (3) (29S°-2,GOO° E.) 

r -s^+s-ioxio-'t-ms^io*^’ <s*) 

Wr _£=-3 173+S.92T+).55X10-7’+1.12 
X10*T-' 

Formation: l/aH. + C+l/SN,-‘HCN 

Zone I (298‘’-2,000° K.) 

, r = _ , 77+1.1SX 10- T+ 0.92X 10> T^‘ 

a £-31 9M-1.77T+0.59XlCr‘r>-0.92X10*^ 1 

JP31,9^+1.7771nT-0.59X10-‘7’-0.46 
Xl^T" 1 ^20,43 T 


r,*i 

Hr-Hm 

3S8 - 

4® _ 

" «i: 

^0 ..------ 

XtfC 

Htl __ 

1, iLi 

JlJD ____ 

l.fl» 

AGO 

•. UJ* 

Brtl ... 

tm 

ifioa .-.- 

1,100 .. 

?,4S0 

liiC 

1 m .---- 

V, 914 

| aou .. 

11,120 

J - _ 

IX i» 

1 SM ... 

ix rm 

i.eco.. -... 

1 TOO ..,.. 

is. i» 
m, He* 

.. 

17 .MO 

1 floe V...— 

14. t30 

i me .. 

30.414 

X 500.. 

^■0> 



AH? 

AF? 

4A33 

+si,a» 

2£, TOO 

XL *7 

*1,1M 

37. S®' 

B 44 

31 100 

37. c® 

54.41 

41.1® 

3A 300 

k. yi 

a l d&j 

IX «J 

SB.D& 


3A«C 

W. 41 

sc, &» 

33,3® 

SL *7 

ao. FiX' 

33,040 

ei, 74 

saaoo 

zx 2 ® 

(CL 91 

30.700 

31. 4U 


sc.eoc 

30,300 

lri.39 

10,403 

m,a* 

Si 51 

Sc. Wo 

i«, acn 

«a u 

«x i® 

IK. 140 

*7,11 

3G. S® 

IT. 5® 

«l se 

30.400 

1A7® 

V-1B 

SC, TO 

laooo 

S.71 

*0, tt 

IA *® 

(TO.*) 

{31, TOf 

{11-TOO) 


Hydxoden Trimtaride (Asoimide), HN 3 (g) 


AJf5w=7Dj300 calories per mcle (J 1£) 
^5* = 5e g ff.u. {83) 

M.P.= 193* EL (Iff) 

B. P. = 309° K* fiJ*) 

A£/V™7,100 calorie* per mole 


Zona I S$) (309M,&GO° K.) 

C,= J 1.33+ 4.62 X 10~*T- 2.3S X ID 1 T" 1 (5JJ 
//r^ W„=-4,3S2 +11.33 r+2.3 IX 10^*r +2.38 

10* r-* 

Formation: l/ 2 Hi+ 3 / 2 N*---*HNj 

Zone I (309 o -l 1 S00° K,) 

AC,--1 92 + 2.7 X1Q- J 7 1 - 2.44 X 10* 7*"* 

AH r =69.940 - 1.92 7+1.35 X10"' T 1 + 2.4 4 X 10 1 
aFj-™ 69,940+1.92 Tin T — 1.35X 10- 1 P+ 1.22 
X 10*T _I +15.67 T 


Ht^ H« 

At 

AH? 


U.l 

70,30? 

1, 

sa.fti 

TO. DCO 

2.214 

«2. S2 

K.S00 

4, i!C 

fti.OC 

W. 6® 

<980 

47. U 

40, U0 

a ts 

69, IS 

69. 403 

T, aw 

70.40 

69. S® 

9. 5(4 

n x 

64, TO 

10 . m 

Tt CO 

69, 600 

no 

74. 

49. SCO 

u. i+C- 

76.7i 

69.. 903 

ao 

TS.30 

7C. 100 

!T. STO 

7i. K 

70. 300 

i9 s;o 

B-46 

TO. 400 

il.ES* 

ILK 

TO. 100 

2. tac- 

c.fia 

Mi® 

(3i 4L0; 
(37,0001 

(U. 79 i 

!«. <U 

m, ami 
(to. Wl 




«o.. 

SOP.. 


eoc. 

TOO. 

set' .— 

TO. 

i,ooc .. 

I, 1DC.—. 


1.300.. . 

1.400.. . 
t.SOQ... 

1.600.. . 
1,700. . 
1.900 . 
1,900.. 
1.000.. 


71. 430 

II, ISO 
S+.35G 
*r. icfl 
so. DC 
92. 960 
94, 160 
91 760 

loi, r» 
um, ®C 
107,6® 
110. J® 

III. 350 
116,2® 
155. 900 
m, 960 

(134. 65C; 

(137, 4DD} 



FiaufU 24.—Hydrogen. 


IODINE 


Element, I 3 (c) 


S« = 27 90 t.M, (!!!) 

M P.- *86,1* K’. (Ilf) 

B P.= 45S a K. (881 
aHf=^S 70 calorie* per atom 


Zone 1 (c) (29S B -3S6.1* K.) 

C ■ = 9 59 +11.90X 10-T (Sfl 

Wr _H m =-3,38S + 9.59r+5.95XlO- 1 7’’ 

F T - =-3,388-9.59Tin?-5.95XlO^r- 


‘39.737 


HEAT CONTENT, HEAT-OF-FORMAT!ON, AND FHEE-EN“ERGT DATA, 


Zone II ( t) (3S6.I°^56° K.) 

C r = 19.20 (saf) 

H t -= - 2 r 44S+19.207 

-2,445- 19.207fFt7-rB2.27 

Zone III (£?) (456*-l,500 & K.) 

{+-8.89 (as) 
riV-^=12,220+3.897 
/+- = 12,226- 8-80 Tin T- 3.04 7 


T,*K. 

Hr~ Hru 

St 

r 

25$. . ... 


27. TO 

37. 90 
as. 76 

400... 

6,23£ 

*1,84 

5W.-.. 

16. 67U 

67.05 

JS.71 

«>1... 

IT, M0 

6A47 

89 40 

TD0. .... 

19, 440 

70.04 

43.69 

EC... 

19.3+0 

20,2+0 

71-33 

*7.06 

000.. 

72.23 

«.M 

1,000..... . 

31,1*0 

n 23 

42.10 

1.100.._. 

33,020 

74.08 

5+,<t4 

1,200..... 

22, S iC 

7+.KS 

54. 16 

l r 300.,.,„____ 

23, 510 

7A57 

47.25 

1,400,..... 

24,T«J 

76. TO 

EA 59 

i.scc... 

24. 45C 

71 8* 

£*, 75 

3.000.,.... 

r Oo, 000} 

-... 

{frL +2? 


IRON AND rrs COMPOUNDS 


Element, Fe (c) 


— 6+9 rs i. ( 83) 

7,P.= 1,033* K. (8£) 
aJ7t“ 410 calories per atom 
T-P. = 1,179° K. (8£) 
a f/ r = 210 calories per atom 
T.P. = 1,674° K. {&£) 

AHV=llQ calories per atom 
M. P. = 1,803° K. M 
A// w = 3,700 calories per atom 
E.P. = 3,005* K. (8) 

£kHr = 84,620 calories per atom 


Zone I fa) K.) 

C»=3.37+7.10X1C^ 3 7+0.43 X 10 s 7 -1 (8£) 
H r ~ = -1 f 176 + 3.37 7+ 3.65 X 1CH T 5 - 0.43 

XIO'T’J 

Ft- K^= - 1,176 - 3.377f n T- 3.55X 1Q~ S 7^ - 0.21 
X 10*7-*+17.967 


Zone II m {1,033°-!,179° K.) 

C fi = 10,40 {8!) 

-^4,280+10.407 

F r -Hz*= “4,230-10.407^7+66.077 

Zone III ( 7 ) (l ? 179°-l t 674° K.) 

C t =4,85+ 3.00 X10“* T (8!) 

H t ~ Ww-390+4,857+ I.SOXIO -1 !* 

= 390 “ 4.35 TlnT— 1.50X 10' 1 7 s + 24.§0 T 


Zone 3V (a) {l,674 D -l,803 o K.) 

C,= 10,30 (t§2) 

Hr- Him = - 4+20 +10,30 7 

F t - ^=-4,420-10,307^7+63.317 


ZoneV (0 (1,803M,900* K.) 


Hr— = 


10.0 M 

- ISO- 10.Q7 

“ 1S0 “ HMmn 7+54,47 


T,'tL 

Hr— 

St 

, tFr-Hmd 
T 

2S4___ __ 



a +9 
a 74 

*X___ 

8+<j 

L3+ 

600.. 

1.410 

9. 32 

7.30 

700.. ‘ ’ T 

a do.. .” 

X 050 
2. ®s] 

11. 17 

12. +2 

7, 

83+ 

SCO... 

4 6^ 

tliT 

8 S2 

im.. 

J-1D0.. 

&,SK 

H.76 

14.91 

9. it 

10-06 

i.acio.. 

■ ' T^T 

17, 16 

10. Be, 

1.30C,,..... 

& Tnr 

11 13 

U- 38 


in ™ 

18 91 
19-47 
TO. 21 
30.32 
21.+9 

,13.83 

1 H »C. 

1 Tmti 

1132 

1,600....... 

5 ]" W 

J2. ST 

1,™.. . 

13 - nor"! 

13, 32 

1,300.... 

llvSr! 

U. B3 

1,900__ ___ 

11L -rai 

22.06 
3< « 
(2S. 06) 

11. L8 

tot*. 

{IS "SQ) 

H- 73 



(16. ») 


= — 63,800 calories per mole 
5 ?k=I 3-74 e.u. (701 
Af.H. = 1,6.50 s K. f*4) 

= 7,400 caJories per mote 
Zone I (e) (29S°-^650° K.) 

„ 11.66+2,00X10“ J 7—0.67 X 10 s 7" 3 (54) 

Hr-H^= - 3,790+11.667+ 1.00X 10~ 1 P + 0.67 ■ 
Xl^T^t 

Zone II (£) (MSO^SOQ 0 K.) 


C t —16.30 (S4) 

1,200+16 307 


Formation: 0.95Fe + l/2O a 


■*F&L flE ,0 


Zone I (298 M ,033° K.) 

AC P = 4.71 —S.60X HT^r-O.gOXlO 1 ^ 

AH T = - 65,250 + 4.71 7- 2.80 X + 0.90 X 10 s 7^’ 

A^t= -65,250-4.7l7ln7+2.SOX l^P+O.iS 
X 10*7-1 + 47.61 7 

Zone II (1,033°—1,179° K.) 

AC,“-2.32+1.5OXi0- 1 7“0.47X 10»T^ 

A H r= — 62,200 “ 2.327+ 0.75 X 1 D“ , T , +0.47 X 10 s 
Ai F r= - 62,200 + 2.32 7i^ 7- 0.75 X 10" 1 P + 0.23 
Xio* 7-^0.437 

Zone III (lpmM^SO 3 K.) 

AC, = 3.23 —1.50 X 10“ I 7—0,47X 10*7"* 

AHr— - 66,720 + 3.23 7 - 0.75 X 10" 1 T*+ 0.47 X 10 s 7- ] 
AF t= - 60,720 - 3.23 71n 7+ 0,7 5 X 10"> V + 0.23 
X I0 i T” l +41.07 

Zone IV (1^74°-l,800° K.) 

AC,=2.42-0.50x lCr»T+0.20X 10*7- J 

AH r =“i9,430+ 2.427-0,25X167^-0.20X10* 7-' 
AFr=-59 1 430-2.42Tln7+0.25XlCr*r i -0.lO 
XH> 7^^ + 31.357 


U N i V fc RS f CiA D 7' t'C NIC A : 
rt,Qcr'ICO 3ArJ T,:\ f v -l4p{A 


BI B L i OT ti C + C + :"■ t ] 






















































































































































THERMODY+fAMIC PROPERTIES OF S5 ELEMENTS 


Cadmium Diiodide,, Cdl 2 (c) 


<= — 4S.750 calorics per mole (1 l) 
5™«=as r 5 #,ti. uj> 

M.P. = eor K. w 

&H if«3,660 calorics per mole 

b.f. = i,oes s K. (tf) 

^//r=25,HOO calories per mole 


Formation: Gd+U-*CilI 3 

{estimated (f/)) 


T. a E. 

Hr-H„ 

**f 




-4J.TSD 

one 

jdg;.... 

"""i+Dcur 

(“«!. 7002 

.. 

(ifl.CHTi 

(-a. 3D0J 

(’32. QUO) 

i^cq.— 

{SA +00) 

[—60, B3C) 

( — 13, WE) 


CALCIUM AHD ITS COMPOUNDS 


Element, Cq (c) 


£**=9.95 i.ii. ot 
r*P.s=673' K. (0f) 

A.*/ r ~ 115 calories per atom 
M,F, = 1,124* K. (SO) 

A#* —2,230 calories per atom 
B-P. ■= 1,760° K- (/SO) 

AHr=35,,S4Q calories per au>m 

Zone J (*) (2W-673° K.) 

C*= 5.24 + 3.50 X 10-* T (Sf) 

H r -H„. = ^l,7lS+5,24T , + 1.75Xl0-*T* 

Ft~ ~ 1,718—5,24 rFmT— L75X lQ*P + 20 137* 

Zone II (p) (673°-1,124° K.) 

C r = 6,29 + 1.40x 1D-*T (ff£) 

Hr- H™ = - l r 834+ 6.29 7+ 0.70X I0-*T» 

F r— Hn, * — 1,834 — 6.29 Tin T— 0,70 X 10 -1 P + 32.49T 


T, - E. 

Hr-Hm 

St 

_ {fl-Hm) 




T 



t. 95 

V H 

+00. . 

w: T _ 

4W 

1. S3C 

11,n 

10. X 

eco_ 


13. 34 

10 . a, 

TO.. .. 

1.'am 

14.4? 

11 . 7 s, 

KX , 


IV ¥7 

n. »i 

TO.. 

.■ 5SJ; 

IT. S3 

It- !K 

IV 3?, 
(21 

(H M) 
<2. 0H-) 

12 41 

1,000. 


12. 94 

1 ,3 'JO... . 

A 

A too 

llu 

1,300. 

11 V7 

... ' 


(U 47) 

I.W.,. . 

ire*! 30ci 

£15. HI 

JAU.. 

(11 A«] 


(11.110, 

ftg? 

(11 Xj 


Calcium Oxide, CaO (c) 


AHj*,—~-]5ijeo calories per mole {57} 

S m ^9.5 r.u, (S3) 

M P,*=2>m* K. {IIt) 

= 12,000 calories per mole 

A P, *-3 f 800* K. (34) 


Zone I (c) (298°-l F aOO Q K.) 

., „ Cp * lUfi7+1 08x W , *7’- I 5GX I (FT -1 (ff£) 
// r — H ni — - 4,0 dG + 11.07 r+ 0.54 x 10"* 7^ + 1 56 

x 10*7'-' 

Formation: 0a f 1/20 T -^CaO 


Zone I (2ns*-fi7I] a K.) 

£17,= 2,85-2.3 2 X 10- J T- 1.36X10*7-* 

&H t - — 152,950 + 2.857- !.46x ID” 3 T^-i-1 36X10*7^ 
AF - 152,950- 2.85 Tin 7+ L46 X 10‘* T'- - 0 58 

X 10 i r-'-h43.S7 7 

Zone II {0?3 a -i,I24* K.) 


i£7,= 1.80 —0.S2X JQ’*T- 1.36 x 10*7“* 

&Ht= — 15 2., 350 +1.80 7- 0,41XI O'* T + L36 X 10* 7 1 
AF t -- 152,850- l.SQTfnT+CUl X 10'*T* + Q 6S 
X 10*7^ + 37.57 7 


T, ■ E. 

I h- 

St 

a/f* 


®.! 

WO... 1 

1 . iDG 

1.5 

12.87 

-UI.TM 
’151, 700 

-144.S» 

wc.. 

2 . 230 

11 10 

’Ul.’fiSO 

-139. iffi 

ax;.,.. 

3. tDQ 

17.32 

-151, ISO 

’136,9£0 

TOC’... 

4. WO 

10-17 

-lii.aoa 

-134,500 

KB.._......._ 

f. !X 

20,50 

—111,5® 

-132,050 

90G.. ............_1 

T, (HO 

23.23 

-111. 450 

-129,450 

t r ™. -J 

A 270 

23.53 

-111, 400 

-127, TO 

M®-.,.. .■ 

9.J33 

24. 72 

-111.300 

-124.700 

i.ajc__ .. 

10 . Ant 

i 25. A4 

{-313. tOO) 

{’122,+OC) 

1,300..,._... 

U,l!t 

1 24. JW 

■{—113.3C0? 

C-iL&.guo; 

1,400.... 

13,430 

, 27 .as 

i r —1*3.200. 

[-117,2501 

1 ^--| 

14,7!0 

1 a. 75 

■ {—113.100) 

[-114. TO) 


Calcium Dioxide, CaO z {c) 

AH$** = f— 156,500) calories per mole (£4) 
£w={ 15 4) r.u, (S4) 

Decomposes = 548“ K. (£) 

(estimated (#4)) 


T. ' E. 

/fr-;r w 

A Hr 

i K 

TO. 


[-15A, 500) 
{’156,0001 
! (-154.500) 


«0___ 

500. 

tlsfii 

(3, SOfij 



-llASOC) 


Calcium Difluori.de, CaF* (c) 

4Wm=- 290,200 calorirs per tnole ( 11 f) 
Stm = 16.48 e.u. tlS4) 

TP-1+24* K. (St} 

A H T — 1.140 raloric? per mole 
«./*.« 1.691- K. (St) 

AH* —8 r 7SD calories per mole 
BP. = 2 r 145“ K. (tit) 

6 Hy = S3,000 calories per mole 

Zone J M (298°-1,424° K:) 


14.30+7.2SX KHT+0.47 X 10*7“* (Jf) 
Itr-thm-- 4,400 4- 11.307-1 3.G4 X 10“ J T 1 - 0 47 
X HPT‘ 


400 


data 


4 


HEAT CONTENT, HEAT-OP-FORMATION, 


■ VS ' D fhee-eserot 


Xfiiic 1! (/J) (1,424°-1,1)91° K.) 

C T ,“ 25 81 -r 2.50 X 10-*T tS£) 

7/ r - Hew« — 14,900 f 95,817 h 1.25X to- 1 ?’? 

Zone ill (£) (1,091 °-l,800° K.) 

C r = 23.60 (5£) 

Ht— Hm= -1,000+23.907 

Fomtation: Cb. -h F ; ——-> CaF 2 


Zone I (29S 5 -673° K.) 

3C r -0.77+3.34X10'* 7+ 1,27 X 10*T~* 
aH t = — 290,150 + 0-777+1-67X 10^*7*-1 27x I0*r-^ 
AF t = - 290, J 50 - 0.77 Tin T+ 1.67 X 10" 1 7* - 0 63 
X l0 a r- ] +47.43? 

Zone II (073°“I,124° K.) 

AC p --0.2S-H5.44X 10-»T+ 1.27X 10*7-* 

iif r= — 290,010 — 0.287+ 2.72X lO-JT 13 - 1.27X 10*7^f 

iF t == — 290,010+0.2877jjT— 2.72 x 10^T J -0 63 

x 10*7-1+43.11 r 


T.' E, 

Hr-Mn, 

S T 

Z.H' r 


TO... 


1A4A 

-28a. 2C0 

-277 ' 

400..... 

1.760 

21.54 

-298.9M 

-^73^ irw 

TO... 

3.540 

21.42 

-2S8. tin 

WO . . .... ... ... 

A 400 

28. 9 L 

-2S9. K» 

-265>300 
-261,400 
-2S7,Sqo 
-253,500 
-249. J5Q 
-2*A®g 
{-242, £50( 
(-213.3001 
(’2H 6001 
(-230.900) 

TOO,, .. 

7,320 

11.87 

-2M.-0M 

B00...... 

J. 2BD 

34. 42 

-2SA TOO 

BOO.,. 

11,300 

34. it 

—36A.250 

i,DW... 

1,100.... 

1.200___ 

13,380 
14,550 
17, 5SO 

39, 06 
41.12 
43. U 

-287,340 
—si. Kn 
f—3S3. 750] 

1.300 .. . . ..... 

20,230 

44, 03 

(—287. SB) 
(-2SA. 350j 
t-2»t. 590) 

l.-iftj____.... 

1 500 . .. ,. 

22,880 

21,660 

«. M 
49. 60 




Calcium Dichlorids, CaCl 2 (c) 

iffln = — 190,400 calories per mole (fl/) 
5*= 27.2 ff.u. (83) 

M.P. = 1,055" K (St) 

- 6,780 calories per mole 
B.P. = (2,300“? K, (5) 

A Wr= (55,000) calories per mole 

Zone I (r) (29S°-1,055° K.) 

C t = 17,18 + 3.04X 10- 7- 0.60 X 10» tg* 1 

Hr - Ht* = ~ 5,460 + 17.1ST+ 1,52X 10'*p + 0 50 
X 10*T“ 1 

Zone II {/) (l^OSo'MjOQ 0 K.) 

C p = 24.70 (55) 

H r - - 4,880 + 24.707 

Formation: Ca-HCl a --^CaCij 

Zone 1 (298^673° K.) 

iC,= 3,12-0.52X IO-*7+0.08X10*T'* 
aHt = -191,280 + 3,12 T- 0.26 X 1 Q-° P ^ q og 
X 10*7^- 1 

nFr= — 191,280—3 T 12Tfa7+0.26 Xl0“ l T l —n 04 
X 10* 7-1 + 56.417 




z,, " p III ([.or,:-,- l i24 ^ K) 


1 4+‘t,‘ r - 0 - 68 x w 7 - 
x ^'W+a sfT -o.TJx io-'T’ rojig 

iFr % l^i|b 5 ^? T +^K ]o-r»+o,n 


T.'K. | 

'h 

Sr 



TO.. 

400... . 

WO... . 

Ltof 

27.2 

32 53 

- 190. i<X 

— 19T1,050 

-itg.toLj 

600. 

3. TOO 

A. 3-iD i 

3fi.« 

- IS, 700 

— 17^ r TO 

700 

+2 CK 

- 1ft.iio 

-iwiasa 
—ifi* 75a 

iOO. 

1. inn | 

42.33 

-1S3.J50 

«0-., 


4£ 4 

— JSSj.esao 

-1^1541 
-153. £50 
— 1 S3 T® 

i.noa.„ 

MOO. 

15,270 

47.69 

49.34 

’ltfl.750 

-153,150 

1,200... 

22. 3+0 

5A, 44 

-lflG.toa 

“131 A&j 

1,300... 

24. ?40 


(- m, 3001 

+ 150. 3®[ 

( — 147, Tflp) 

1,400... 

27, 320 

62.fi 

(-131.500) 

1,503.. . 

; 29. 7 SO 

64 42 

(-130.6001 

(-Ui, too; 



6c. 10 

(-179.770) 

+ H2,4«) 


Calcium Dibromide, CgBt 2 (c) 

—161,300 calories per mole [lift 

if p “ 3 J1 

AW - = lj033D W) 

a n —*■» *-80 calorics per moie 

f^- = aiOO Q ) K. {6} 

^rtv —.(50,000) calories per mole 

Formation: Ca + Er;--CaBr, 

{estimated (i /)} 


T. * X, 

ffr-Hw 

iHt 


296. , 


-161.300 

(-IS- 5001 

. 

i.soo..— 

[3. 500) 
[13.9001 
130. 100 ] 

(-164.7001 
(-3K. 5001 
(-160,900) 

(-isai 3 <n 

{-133. iffl» 

( — 119. 5») 


Calcium Diiodide, Cal = (c) 


rr l ^ IWJ 

n ^ = (5,000) caSoried per mole 

f£. = (U00*| K. (6) 

(35,000) calorses per mole 

Formation: Ca + I a --*CaI a 

(fisiimated {//)) 


T. * E. 


sh t 

sFr 

TO. . 




-tZt.500 

t-136.400'■ 

Loot)... 



l J. 9001 

[- 141 . goo;: 

(- fit«»' 

I* _ hv= ctfY-ii 

1,500.. 



il 4. 1 DO J 

+\ ■ ®;; 

i V LW- iAA.' 1 

1 i if • , ! vVl . 1 




[jl, lw : ; 

1 !lS t tAAT ' 


401 







































































































































THEHMODYNAMIC PROPERTIES OF 6 5 ELEMENTS 


Calcium Dicarbide, CaC. (c) 

.IT- — ^ 15 000 calories per mo\z (Uf) 

16.8 *.u- (83) 

TP,=TX}° K- (8f) 

Aff r =l,33C ciiorics per moJe 
A/ p =r 2,573° K. {$) 

Zone i (o) (295°- 720° K.) 

r _ ie 40-2 &4X H^ l ^~2.D7XlG l :^ , (St) 

„ 5 7W+Y6.407-+ I.«X 10-p + 2-07 

flr xl^P 1 

Zone II (?) (720°-1,300° K.) 

C,«= 15.40+iOOXlO-'TYM) 

// t _H^=-S,1»+15.+OT+1.00X10- | P 


Formation: Ca * 2C- 


-»CaCj 


Zone I (298°-673°K,) 

06-2 7Xltr l 7’+2J3Xl0 , ? 1 “ 1 

15,000+2.96 T~ 1.35 XlQ^-S. 13 XlO*^ 1 

15 000-7, 

-1.07 XI O' r-i + l».73T 
z one II (673°-720° K.) 

AC*=a 91-0.60X10^7+2 13X10*7^ 

- 14,700+1.9lT-0.30Xl»- , r i -2.13XlO* J 

if = _ 14,700- 1.91 m T+0.30 X lO^P-1.00 

Xltfr-'+7,02T 


Zone III (720^1,124° K.) 

AC 0.91 ~L+iXlG-»T++30X10^ 

i- 12,320 + 0.91 T— 0.72 X HP 1 V- - 4.20 X 10* T-* 
if T = - 12,320 - 0 91 77 a r+ 0.72X lCHT 1 - 2.10 
X 10 , T' t —3.17T 


r* £. 

Hr—Hm 

Sr 

AHf 

an 

366 ............. . 


14 B 

-16, KB 

-16.»» 

«3.—-. 


1H) 

—14. 6AC- 

-16.700 

(go___..... 

1»0 

3a. n 

-H.2Q0 

— 17. 300 

400 ... 

4h0DO 

28. T 


—iT.ftK) 

fttt.... 

B.TM 

*>.s^ 

- ia, <foa 

— 16, WO 

BC........ 

t.TWJ 

U. 12 

-izioo 

—19. UO 

4oc... 

11, 

IT. U 

*12.600 

*30. 3« 

ijocc___ 

u,?ao 


-iz.a» 

-H.3M 

1,100,..... 

U, DIO 

«. a? 

-DW 

-22, 1W 

1.300...... 

lfl.no 

£t i» 

(-14.BQC) 

(-12, «D) 


TricalciunL Dinitrid©, Ca 3 N? (c) 

— 108,200 calorie* per mote (0) 

5m-25.4 e . u . (9) 

M.F.*I,«S a K. (Jlf) 

Zone I (c) (298^-800° K.) 

C p ~20.44+22.00 XUHT {St) 
ft r -H m = -7,100+ 20.447+11.00X Kri*F 

Formation: 3C& + N,-^Ca a N r 


Zone I (293M>73* K.) 

AC+^-J^+ltUSXlD- 1 ? 

A H T = - 108,100-1.94 T+ 5.24 XHHP 

£lF t = - 108,100+1.94 Tin T-5.24X IQ^TM 40.46 T 

Zone II (673^800* K.) 

AC*= - 5.09+ 15.78X 10~*7 

&H f = - 107,670—5.097+ 5,39 X 1CMT 1 

&Ft= ~ 107,670+ 5.G9 Tin T - 8.39X UM P + 21 ,25 T 


r, * x. 

Ht-Hm 

Sr 


*n 

2S&__ r _ 


2$. 4 

-10ft, SB 

xv 

400... 


jz ti 

—loe. iocj 

-ffi. w» 

600_......-... 

6.WX 

Vi-il 

-307.7D0 

-H.20C 

_.... 

».1» 

VL 33 

^lO?,^ 

-76, 130 

?C0 ... 

12,fl6Q 

6L72 

—107,100 

-73. XC 

flCO... 

16.300 

Vl h 

— UK. 

-tf .rad 



CAKBON AND ITS COMPOUNDS 


Element, C (c) 


S«=i.3M e.u. (8S) 

8.P. = i620 e E. (250} 

Zone I (c) (298°-2,300° K.) 

C*— 4.10 + LQ2 X 10“*T — 2,1GX ID 1 T^ 1 (St) 

~ 1,972 + 4.107+ 0.51 X 1Q-T*+2.1C 

XlffT" 

Ft - H,»= -1,972 — 4, t0T7n T—051 X 1Q-*T*+ 1.05 
X10 - T“ J + 27.72T 


r,’ e. 

If i -Hm 

St 

tr^ffm} 

T 

flat. ... 


l.» 

LN 

400 __.... .. 


IQS 

1,43 

(00 ..... 

JTO 

ITi 

l.« 


960 

L U 

1 90 

_....__ 

TOO..... 

1.J70 

4 U 

117 

J(Tj.... 

1.B0 

4-K 

143 

(EQ ..... 

a 2i6 

h*l 

174 

1,000... 

1S10 

A B 

tea 

1 100 .... 

3. JX 

412 

lie 

l^DO...... 

1.U0 

ATI 


l^DC.._____ 

4 3W 

7.21 

IX 

1,400 ..... 

4. 990 

7.(1 

410 

i’mo _....._ 

t.«c 

7.(0 

413 

1,-fiOj-----.... 

IW 

Eli 

4 67 

1,700 ..... 

6. 63(3 

L 99 

ill 

i.aoC'.... 

T, 1« 

fl.K 

4 C2 

1900 ... 

7,7*1 

t. H 

4 36 

2. DOC _............... 

IW 

9. 66 

1 - L *4 



_ 


HEAT CONTENT, HZ AT-OF-FORMAT! OK, ANTS FKEE-ENERGY DATA 


I 


Carbon Monoxide, CO {g) 


iT/h---26,416 eilories per mole U1S) 

S-«= 47.31 c u. (83) 

M,P. = 6B.10° K. {112) 

Aft * = 200 calories per mole 

81.66* K. {112) 

Aftr= 1.444 calories per moae 

Zone I is) (298*-2,500° K.) 

C v = 6.79+0,98 X10-7-0.11X 10^7^* (St) 
j/ r _ft w = —2,100 + 0.79 T + 0+9 X tQ- l T : +0,n 
XKPT- 

PormatUm: 04*3/20+-:- * CG 

Zone I (298^-2,000^ K.) 

iC.= —0.B9 — G.54X 10—T+2.19X 10* 7"" 51 
&ft T = — 25,380—0,897—‘0.27 X lQ -1 !" 1 —2.19X 1CF7“ L 
iP T = -25,380 + 0.89 71*7+ 0.27X 10 -*T*- L10 
XlO'T-'-Sa.SAT 


T, * E. 

Ht-Hm ■ 

St 

iiff 


tt.-r . 


47-31 

-36, *00 

-31900 

*cc... r ... 

711 

49.39 

-am 

-35,000 

Jffi .... 

1, 41B 

W. H 

-24 in 

-JI, ICO 

(00...,.. 

1 117 

3126 

-».3M 

-JS.3S0 

TOO... 

2, 574 

63. M 

-34, *CC 

—(,1,450 

no.—- 

3.BS 

64 39 

—26. 600 

' —43. TOO 

PJQ,,..... 

4,400 

W- 30 

-3C.WC 

-4£,»0 

1CO0 ..._... 

A 186 

fiA ia 

-36, 

—47,(60 

1 IDO ... ... 

i, SC 

tA 94 

-3. 900 

-SO, 100 

I'^n.. 

1,300.... 

fl,?ea 

7.460 

Mm 

47-« 
44 13 

-27.000 

-si. m 

-HW 

1.400......_... 

55- S3 

*27.150 

— 66. 2S3 

l,£0O....—.*. 

9,291 

64- 4i 

-27, ISO 

-5fc *a: 

Uflffi.,.... 

10.P20 

80.03 

-27.650 

—»,D(B 

l,7»... 

10, Sid 

60.63 

-J7, ia 


11,700 

S0.fi 

-a,«K 

—*4iiC 

1 ,«t . 

12, 630 

1 61. 42 


—56, TflD 

2JQ W5_..*.~.. 

11 670 

. 61- 91 

*28, UC 

—flfi, 7® 


Carbon Dioxide, CO* (j) 


AftJ«— —94,052 c&lories per mole {lit) 
51.05 e.u. (S3) 

S.P.= 194.7° K, [IW 
AJ?,,ii=6j 031 calories per mole 

Zone I (5) (298“-2,500° K.) 

C,= 10,55 +2,16 X lO^ 1 ! 4 - 2 04 X10* T* {St) 
H t - H m .*= “ 3,926 + 10.55T+ 1.08X 10“ , r r + 2.04 
X10* T^ 1 

Formation: 0+0^-■+ OOj 

Zone I (29S°-2 J OO0 3 K.) 


AC P = - 0.71 + 0,14 X10-T+ 0.46X10*7^ 

- 93,650- 0.7 lT+0,07 XIO" 1 ? 1 -0,46 X lO 1 !^ 1 
if - 93,650 + 0.71 m T-0.07X IQ" 1 T* - 0.23 

XlPr-'-S.SGT 

. \ 


T, * E- 1 


Sr 


2»... 


61. OS 

63 7( 

I 

*00.... 

“ 95»"j 

I,(®7 ! 

~(4. Q3Q 1 

(SO.,.,,... 

46- L0 . 

— H, 100 ^ 

900___.... 

nws 

55. (1 j 

-(*,1* i 
*34. 1* 

—^4. sen ■ 

TOC 

1,24^ . 

». SC ' 
61. SI 

aco._.... 

6.4SS : 

(00... 

A'5* 

61 fc 

—f4. 2* 

L.000.... 

7,9S3 1 

1 64 13 

1 

1,100.. .. 

(.»€ ! 

! 66. W 

2S0 i 

1,200... 

la.flsc 1 

66.76 

-54. 5B \ 

1J(B_,...... 

12, 010 1 

r.&4 

-f4.30C‘ i 

1,400, .. 

13.3WJ 

1 6S. *6 

-94.300 1 

1.^00... 

14. TSO 

1 W.E7 

-94, *-q 

1,400____ 

J&.&SC 

7^.39 

—(4, 7KI 

1,700.. 

17,340 

71.34 

-»4,TXi 1 

1,100.. T .„,. 

is. m 

72,09 

-m. m 1 

i.aoo.. , - 

30, IOC 

72. LE 

“94.830 . 

2,000.... 


73-93 

*34,5* 1 
1 


&F} 


-■H, 2SC 
-W.4CQ 

-p4, 5DC 


— M. SOD 

-s^sca 

SM 


-M.7HS 

-■H.TM 


-W.S40 
-^,*10 
-54, ■STJI 
-Bl.coo 


Carbon Tetr a fluoride, CF 4 (^) 


&Hl m = —162,500 calories per mole (JOff) 

62.3 e.u. (SO) 

A/.P. =89.47° K. (108) 

A Hm— 167 calories per mole 
B.P. = 145.14 3 K. (tGSy 

calories per mole 

Zone I {g) (29S°-l F 200 a K.) 

C, -16,64+ 7.84 X 1Q-*T~ 4.00 X10* r-1 im 
/f T -ff^= *6,650+16.64 7 t +3.92X10-'Ts + 4.00 
X 10 1 T“ ] 

Formation: C+2Fj-* CF* 

Zone I (2&SM P 200° K.) 

AC fl = — 4 04+5.94X lO-*r-0.30X 10 s T" 1 
&Ht- ~ 161,700 - 4,04 T+ 2,97 X 10” 1 T + 0.30X 10* T“i 
Af r =- 161,700+4.04TinT-2.97X 10^7^ +0-15 
X l0ij- 1 + 10.8T 


r, * X. 

Ht-Hw < 

Sr 

i/ft 

4Fr 



6A4 

-ia.s* 

-111. HO 

*DD,„... 

1.619 

97. (T 

-162. MQ 

-lit TOO 

MJO 

3,430 

71. i* 

*ttiu 

*144, 4* 

flDQ____ 

y 4io 

76, 10 

-162.900 

-14C . W0 

7UO... 

7,43i 

TASS 

-V6Z «0 

— IST,!*) 

vo____- 

9.T30 

91,38 

■—162, B* 1 

* 1 S3 450 

SCO ......._—. 

11. »i 

83. 96 

-16Z KX3 

—13, KC 

1JKC..... 

14,319 

St 41 

-lSi^JC 

*i22,Wfi 
*119.000 
[-107. TOO) 

UQ0..... 

1^00 .._ .... 

IS, 730 
19.Q&S 

S3, 72 
K, 76 

-162, ax 

-162 SCO 

1 SB 

f27.*OOI 


(*160, 500) 

%{*ti _ 

iiiAW),.- 

-ltt, DM1 

(-65,130> 



1 




Carbon Tetracliloride; CCl, (0 

AHw=— 33 ? 200 caiori.es pet.mcjie [Hf) 

&*-5L3*ti, (85) 

H P.-249,1° K. (Ilf) 

AHk— 644 calories per took 
B.P, = 350° K. (lJf) 

4^=7,263 calories per mole 


A47»40 










































































































































































THERMO DYNAMIC PflOPEiilTEB OF ELEMENTS 


Zone! (?) (350=-!,000" K.) 

r ^23 34^2.30X^^-3.60X10*^ 18 a) 

„ J ’ 560-E-23,34T+L15X KM7» + 3.60 

7 XID^' 


Formation : C + 2CU ■ 


-CCU 


Zone I (35G°-1,000 0 E.) 



i6+i lexio-'T-o. 14X10*7^ 

- 27,020 + L6 T+ OX 10^ T + 0. HX 10* 7-' 

-27,030- i.emr-o,53x io-t»+o,ot 

XlO*r-J + 45.MT 


--- 





T. ‘ E. 


Sr 

if/; 




11,1 

-34 2» 

-14 wa 

_ 

#DCL—— 

"""""iiii" 

m* 

-3C. 


^f! _ 

ri.ioo 

i+k 

— 34-033 

—4,4X1 

KJr .. 


S IE 


—a, is 

700 J ■ - - 

14. Sf 

K. 

-stwo 

-3.M 

(B)„ - 

14 110 

«. » 

-3t.JCC 

-HAO 

40C* ..._ 

®,r» 

K. 3S 

— 34 QB 

+s,a» 

I JQOP .*■■■■■ -r -—™ 

5i»J 

KU.E 

-KiiO 

+t> EA" 

J k"f1 _ 

(iftsyij 


(-E. !C03 

f+ZL 300} 


m, a:C; 


C-B, 1503 

(+r,x»} 




Carbonyl Chloride (Phosgene), COClj (?) 

A/fl* — ^-53,300 calories per mole fJJf) 

£„*^69.J3 *.u {38) 

Af.R *145.34* K. (Jff) 

Ajy* = 1,371 calories per mole 

fi.P. - 280,7" K+ 0S) 

A/fr = 5,825 csJories per CD ole 

Zone I 0?) (298°—1 ,000° K,) 

C r = 15.60 +3.46 X10- 1 7-1.91X10*7^ {82) 
tf r _ J ff jBi ^-5 r i46+l5,SG7+ l,73XlO">r+ 1.91 
X10*7^' 

Formation: 0 + 1/20^01,--——*COCl, 

Zone I (29S°—1,000“ K.) 

iC* =-0,90+l,88 XKrJT+1.07 X10»7^> 

&H t = - 52,700- 0.90 7+ 0.94X 10 " 1 T 5 - 1,07 
XIGT"* 

AF T = — 52,700+0.90Tin T- 0,94 X lO-’T 1 - 0.54 

XlO*T-' + 3.92T 



Carbon Tetrabromide, CBr 4 (c) 

(—500) calories per mole (1 !) 
iS™=(56} e.u. {U) 

7\F.-=330* K. {8S) 

t— 1,430 calories per mole 

M.F. = 363 5 K. («) 

A//* = 950 caJories per mole 

£./>.=4&3 5 k, m 

^H^t— {9,700} calories per mole 


Zone L (a) (298 a -320° K.) 

C p ~34.5 {82) 

- 10,287+34 ST 

Zone IJ (A)(120 o -363° K.) 

C,^43.0 {8£\ 

}l T -H 7K =- 11 ,5S0 + 43.OT 

Zone III {[) (;;n:i°^4G3° K ) 

_C^3G.7 {££) 

-£,340 +38.7 T 

Zone IV (?) (463°-l ,000° K.) 

C r = 25.03 + 0.60 X 10-^T- 3.03 X 10 »T^ (3£) 
5,200+ 25,037+0.30X10^7* + 3.03 
XI&T-l 

Formation: C + 2Bfi--—*CBr* 

Zone I (29S*-320 o K.) 

iC^-a.S-LOSXlO-iT+S.lOx 10*7^* 

Atf r = 1,877-3,87-0.51 XlO^-a-lOX 10* T"‘ 
aF t = 1,877 + 3.3m 7+ 0.51 X ICri 1 T 1 —1.05 
X 10 J T‘“ l —10. IT 

Zone II (33l d -3G3° K.) 

AC»= 20.S5 - 1 .02 X 10^7+ 2.04 X 10 4 T"* 

&H r = -20,000 + 20,867-0.51 X 10-*T*-2.MX 10*7^ 
aF t = - 20,000 — 20. &6 Tin 7+ 0.51 X 10" s 'P- 1.42 
X 10* 7"*-+201,07 

Zone III C363 B “463° K.) 

A C,= - 14.55 —1.02 X 10-*T+2.S4X 10*7"* 
i/fr= -16,730+14.557-0.51 X 10"* T 1 -2,84 
Xl0*7-> 

A7 r = - 16,730- H-SSPnT+O 51 X KMT 5 - 1.42 
X 1Q*T~>+ 154,27 

Zone IV (463°-1,000° K.) 

AC„^ 2,89 - 0.42X 10"»T-0,19 X 10 s P 1 
A-3.310 + 2.897-0 23 XlO-ip+0.19XlO J Pi 
- 3,310 — 2.89 Tin T+0.21 X 10-*T* + 0.1 
X 10 s P> + 52.97 


r, * r 

Hr-Hw* 

n.... 


UD.,... 

fi, 34D 

seo .. . ,, L 

m, 400 

spa... 

30, WC 

7D}. 

S, 1O0 

sec .. ....... .... 

SS 790 

flDC?.... 

%3l0 

i^m„__ T . 

3C . H4C 

Uffi. 

UZ ODO) 

WM... 

t«. 1W) 


Sr 

iL&r 

a£r 

(H) 

t-KM) 

{+4.000) 

petm 

[-11,700 > 

19. TOO) 

no&. ai 

{-l.W0> 

OA.4QC» 

(.104- T> 


(u, woj 

(104 1} 

■L—3.1303 

(X3.700) 

llllri 


(33,750) 

014- i) 

(-7003 

(*i. TO) 

017 .J) 

(-SW) 

(29,700) 

l+1.7») 

5«,i0D) 


(2, SOO) 



Carbon Tetraiodide, Cl, (c) 

A = (39,700) calories per mole (N) 

e,u. {11} 

it/.P+=444° K (ff) 

&Hm - (1,150) calories per mole 

RF.= 15B0*) K. {€) 

&Hv— {12,000) caloric per mole 

Formation: 0+21 T --— 

(estimated (/!)) 


404 


DATA 


HEAT CONTENT, HE AT- U £ -1 - U KM AT lUN , 


AND 


P ^£E-E\£ Hgy 


* 


T. ‘ E 

Hr-H*. 

cJ^t 

iff 

ns 


(39.1)30!' 

(23, SO') 

SOT'.... . 

"(1D,CC0) 

(3C. 3(30 J ■ 

(«. 500} 




Cy a nog en, CsN \ (?) 

73,600 calories per moSe [11£\ 

S„=57.&6 c.u. tilt) 

Af.P. = 245.3° K. (/ IS) 

*=1,938 calories per mole 

B.P. = 252° K, (I/8J 

iHr= 5,576 calories per mole 

Zone 1 (?) (293°-2,OO0 0 K.) 

C B = 14,90+ 3.20X 10~ 3 7—2.04X It+’T -1 M 
-5,270+ 14.90 7+1.BOX lQ-*P + 2,04 
X 10*T^> 

Formation: 2 CH-N 3 ----*CiNj 

Zone I (29S°-2,OOQ° K.) 

dC,~ 0,04+0.14X lO->T+Zi 6 X lO 1 ^ 3 
aJ/ t = 74,250+0,047+0.07X 10‘<7>-2.16X AO 1 ? 1 - 3 
bF T = 74,250 - 0.04TIn7- 0,07 X10 " 1 T 1 - 1.0S 
X 10*7-1- 10.457 


T, ' K- 

Ht-H m 

Sr 

ah; 


MS 


i7.JK 

+73,600 
73, BOO 

+71,B® 

4CC.. 

1.44J 

ftjLK 

6 S-.S® 

530.,...,,.- 

3.6fti 

45.41 

74,000 

SS.3CQ 

400.. 

4,660 

tt-33 

74.1® 

07,700 

700,. 

4.330 

70. £K 

74+200 

6 AU0 

suo... 

7.53d 

73. IS 

74.750 

0 

9C0.... 

fl. K5 

76-14 

74,30C 

8 Ai» 

}pOC,,„. T __ 

ll.sqo 

77.14 

7A1W 

62,400 

i.LOCr___ 

13,2M 

78,76 

74,300 

B2 350 

I.3B. -- 

15, 203 

SO. Al 

74.400 

(1,200 


m.wo 

£206 

74,«0 

60. LOG 

1,400,.. 

19.015 

EL ifi 

74.450 

69. 100 

l.iCO.. 

aj.®a 

RA» 

74,450 

67,900 

l.BJ.. 

22,900 

5ta 

74, 450 

as. 4® 

I.?®.. ..- 

24 SX 

ffT-W 

7A4AJ 

55,400 

1 ^0..___— 



74,150 

54,750 

1.900.... 

*.900 

». 4? 

7A 450 

53, SOO 

2 .DCC... 

30. 310 

■ ».+5 

74,450 

62+60Q 


Cyanogen CMoride f CNC1 (?) 


A34,500 calories per mole {lit) 

56.31 e.u. (J/£) ■ 

^^.^266.3^ K, (Hi) 

&.H* = 2,720 calories per mole 

B. F. = 253.1 B K. {Ilf) 

Affr=3,290 calories per mote 

Zone I (?) (Sga^OOO 0 K.) 

C, = 11.88+1-64 X10- 1 7- 1.49 X lO 1 ^ 1 {St 1 

4,115+ U. 8 ST+ 0,82 Xlt^ 3 7'+ 1.49 

X1G 1 T~ l 


Formation: C+l/2CIi + l/2Nj—--?CNC1 


T, ' K. 


rn 

air r j 

17t 

TM ...,.+ 

4TH?.... . 

SCO __ 

WK) .+ ... 

irur 

2.3U 

Sd 31 

! S* ** 

14.500 I 

32.-K0 

700.. ’ “-| 

3, i*Q 

' S *5 I 

*4,7® 

3l" 300 

8D-3 _ 

903. . .! 

*. SOS 

a, loq 

fit J9 i 

*4.7i0 

^4.500 

a:! i&i 
30, 

[.nod... 

1 I' 123 

69 a 

14. 5® 

s am 

1.100_. 

1,2)0 . .■' 

L.l»... ' J '” 

1.400_ 

*.770 

t0 r (!d0 

ll-Sli 

I2.6W 

i »;» 

7+Ji 1 

73 &:■ 

14 . IV) 

3^. »i 

! Ki;i5£3 

»,7M 
*. lid 
27, V» 

1^00....+ 

I.EJKl_, 

1,700..../'" " T -‘- 

1, *SJ. 

1,500_ 

2 , ® 0 ..... 

H3t0 

1*, r,!X! 

tr. j+s 
L A mi 
20,ouj 
23.^7fi 
27, VM 

' 7i 76 

Tfi. (S 
71.45 
714 55 
79.34 
40.21 
U.&i 

*4,90] 

: H-S50 

' 14,9w 

' 14.V^J 

H.l'fl 
34.960 
34.1150 
34,1*50 

i 3+wS 

: '*. 4® 

25 . 7® 

2S,fltsO 

! s.vjq 

23, llkl 
32.1160 


Cyanogen Bromide, CNBr (I) 


F —' ■-(uujLtm per rnoitf 

Zone I (}) (3;H^2,000= K.) 

C,= 12.20t 1.42X lO-'T— I 34v insT^: ,P.. 

Form ation: C-f lftBr.+ lfljN,-.CXBr 


T 1 *, K. | 

fh-Hm 

S r 

m 

4<M, .. 


59.05 

tod. .. 

"i+irs” 

51 44 

(00 .—-1 

1390 

45.13 

TOO. .— 

3,630 

5T, 40 

sog.., ""... 

4,9LQ 

46. 37 

9GC. .. —, 

6,220 

51. 11 

l,0M ..*1 

7.5W 

(1 69 

1 .KC -—,. 

S. *10 

64. VI 

1,4(0., ... 

11.606 

«. 65 

1+600 ,L "‘ r .—— 

11 , 47i 

ti. -& 

t,4Q0..- - 

It. 3 to 

ro,S9 

Vto .— 

2 d. 1(6 

H.3S 

E3.0M 

73,91 


Cyanogen Iodide, CNI (e) 

^0,400 calories per mote (JJ^i 

sp^£ tu f'ie> 

**ia= I4j200 csJorieB per mote 
Zone I (?) (4l3°-2 r OOO° K.) 

J/ T _ if fr ^f?^3+ l 1 38xlO’«r-+04X10*7-* (Sf) 
10 lO0 +12.307+ 0,69X 10“* 7 1 +1.04 
X IQ- 1 T-i 

Formation: Q +. 1/2N, + 1/2Ij-—*0NI 


Zone I (293^-2,000° K.) 

AC-—0,04+ 0.08 X 10 -1 7+0.95 X 10*7^* 

&H r= 34.&00+ 0.04T+0.04X lCri l P-0,95X lO 3 ^ 1 
34 ,£00—0-04 Tin T— 0,04 X ICri 1 ! 11 —0.47 
X 10 I 7 _I “5,63T 


j - 


XIO*! 1 ^! — 7.07 


V.UflJ A ! 


405 



















































































































TnT-.P.MODY>" 1 <MIC PROPERTIES GF A5 ELEMENTS 


T. ** 

iff-Ki* 

Sr 



—--- 


30. iO 

40.406 ' 

4^600 

W-. 

---- 

16 6^0 

TI,W3 

47. 4H) 

li4CO 


17.S30 

73. I* 

€7. 

4E.3O0 

aao---- 

19. HA 

76. S 

47.600 

40.450 


X, 63C 

77 01 

47,4W 

33.450 


1L, KTS 

7a iT 

fT.4M 

SL. VX 


n.H5 

79.91 

47. TOC- 

J7, HE 

1,0)0-— -—■ 

14, JTt' 

iL.K 

47.700 

36 400 

l.M»—... 

KOTi 

£L 4? 

47. 760 

36 400 

1.2C. 

TT S T70 

S. 61 

1 47.760 

34. HE 

1^00.“ 

38. Eil 

65 

47, 300 

33,400 

1,400----*- 

30,1® 

13. 53 

47,800 

32, 400 

1 ..- — 

1,300...— 

37. *40 

$9.74 

j (47.7 JO) 

(J7,150} 



Fiauaa 10 .—CaxboQ. 

CERIUM AND ITS COMPOUNDS 
Element, Ce (c) 

13.M t.u. {121) 

M,P.= 1,077' K. i«tf) 

A jf *= 2,120 calorics per atom (Hi) 

Zone I (c) (298*-800° K.) 

C_=i4D+6.0QXlO- i r ( 32 ) 

H t - = —1,575+4,40T+ 3.00 X T 7 
F t— Him- -l T 575--L40nnT-3.00X 10- ,J P+ 17.65T 


r T " X. 

Hr-H m 

Sr 

(/■i“HW 

T 

IS* ... 


19.54 

12. H 

«0. . ... 

5m 

1L 57 

11 B7 

SCO.. 

l J80 

17. 15 

16 OS 

SCO.. .. 

%W 

16 54 

16 97 

Tta... 

3.9713, 

19. £2 

15 47 

SLC. 

1 V£, 

31. 00 

16 36 

*00.. . 

[ASLfl] 

(22.061 

116 78) 

IjOOO... 

(A shj; 

(31 16) 

m.sa) 

l.SOO... 

tUito) 

(30, tD) 

™. n 

3,000.... 

(lAUflJ 

iai. 9) 

m i) 


Dicerium Trioiide, Ce 5 Oa (c) 

A+i^— {— 435,000) calories per mole (i4) 

Sjm-mm t.u. (£4) 

M.P.= l,% 0 a K. US) 

Formation: 2Ce-h3/20 5 —--—»Ce,Q 3 

(estimated ($4)) 


400.. 

HE... 

CCE. .. 

ttE. 

KO. 

Loco....... 

l,im. 

3,200. 

1 .X 0 . 

1,400.. 

1,600_... 

l h ?TO. 

1,800....... 

1,900_ 


IX 400) 
( 6 , WO ) 
(t L ®1 
4 n, «o; 

HtSs 

(21. 300) 


4-435, 0001 

(- 435 . coo; 

1 “-434, HE, 
(-454, 600) 
(-434.000) 
(-434.BJ0I 
2—434, ooo: 
f-m ko': 

(-438,005) 
(-43a, 500) 

-437, WO) 
-437, WO) 
-iU.D®) 
-4J7.0QC-: 
^437,000! 
-436. m: 


{ — 411,500) 
f-403, fi00> 
(-3M. 600) 
(-287,900 

r-mooo) 

-3J1CO)) 
(-3M, WO) 
f-156, 3001 
(-346 600 
(-340. 5001 
(-332, 500, 
(-3X 600! 
(-116000) 
(-306 OX') 
(-300,000) 

{-344.000} 


Cerium Dioxide, CeO a (c) 

— 260,1*0 calories per mole (55) 

5,»=W,SS iff) 

M F. = > 2*873* K. (4*) 

Zone I (c) (298°-2;500° K + ) 

C*-16,0+2,5 Xl^'TW) _ 

H r -/f*= -4,5*0 + 15.0T+1.25X lO' 1 T* 

Formation: CeHrOj-*CeOj 

Zone I (298°-800 Q K ) 

AC,= 3.44-4.50X10- 1 7 , + 0.40X V0*7^» 

Aff r = -259,500+ 3.UT“ 2.25X 1 Q-*T*-<UDX 10*7^' 

A JP r = _ 259.500 - 3+4 TM T+2.25 X 10-* P 1 -0.20 
ylO*P-t +6 9.25r 


T. * X. 

Hr-Hm 

Sr 

A H* f 

AFb 

300... 

«C... 

BOO. 

flOO... . . 

TOO... 

BOO... 

000... 

1,000.—. 

1,HJ0. . .. 

3,000... 

. 

I, 33c 
AffTO 
ii30 
6223 
9.930 

II. SO 
»,730 
X, 400 

k sa 

19. a 
X38 
36, 33 
TL S 

XM 
XL H 
54. 51 
43. 3 
47. n 

— 3fltL 1® 
-35B.9M 
-3S8.7W 
-2S1.«0 
-39. 610 
-23*J. SCO 
(-356. 900) 
(-29, WO) 
(^36L fiOO) 
(3BLOOO) 

—346 940 
-341,250 
-Dt, 4« 
-WL&te 
-OT, 310 
^22L 4CO 
i -ait. iso> 
;-336affl^ 
(-U0.9OG) 

- 1SL 000) 


Cerium TrifLuoride, CeFi (c) 

-301,000 calories per mole (5) 

5m — (24) 4,ii. Ui) 

M.P . = (1.703*) K. (29) 

Atf * = (QjOOO'i calorics per mote 
B.P. -= ( 2 , 6 GQ S } K. (ft) 

&/? T -(fi2 r OOC) calorie* per mole 

FitnriBliim: lb l :i/2F, * VI 1 'j 

(mtimutnd (f / )) 


TIE AT CONTEXT, HEAT-OF-FORM AT1QN, AKD FREE-ENERGY DATA 


T. # I- 


AK p r 

a^r 

M...... 


-531.000 

t-m. ieoi 

H3C-..... 


f-^UOOC) 

f-MC.iacl 

1,300.... 

(17. OK) 

i-388. 300) 

(-mere) 

i,£ai. . . 

(32,000) 

(-356 WO) 

(-307,1300) 


Cerium Tetiafluoride, CeF* (c) 

A-n T i^= “442,000 calories per mole (JJ) 
s*u=*m) t.u. (id 
M.P. ~ (1,250=) K. (5) 

&Hu= ( 10 , 000 ) calories per mole 

Y o rm ati o n : Ce + 2 F ; —— - > CeFi 

(estimated (I/)} 


r, * L 

Sr“ffni 

HH} 

an 

3*.. ... 


-442.WO 
(-440, WO) 
{-436, HE) 

(^43), DGOS 
(-436 000) 
(-41* 000 ] 
(-390, 000 } 

fiCO..... 

(A 000 ) 
{23, VBi 
(£ 2 , 000 ) 

LDOO^.... 

1 ,« 6 _..... 


Cerium Trichloride, CeCI 3 (c) 

“252,840 calories per mole (123} 
S m =Z 4.5 t-u. (123) 

M.P.= l,095 a K, (29) 

AH M =itt0Q0) calories per mole 
B.P.^ (2,000°) K. (6) 

£^Hr~ (46,000) calorics per mode 


Formation: Ce+3/2CU~——^CeClj 
(estimated (11)) 


tvs:. 

P 

a; 

i 

AHr 

AF} 

29S.. 


-352 540 
(- 261 , fiOC 1 ) 

[ — 243. SOO) 
(-246, ECO) 

-35,16C 
{-226 SB) 
C-S9ABK3) 
(-179,900} 

HC.. 

{4, 000 } 
(19, 000 ) 
(43, 000} 

1,000 . 

l.KU.... . 



Cerium Trihromide, CeBr a (c) 

—192,000 calories per mole (5) 
5 m = (45) t.u. (11) 

Af_P.= 1,035* K. (29) 

&Hm— ( 8 , 000 ) calories per mole 
£,P.= (1,830*) K, (ff) 

&Hy = (44,000) calories per mob 

Formation: Oe+3/2Br 3 -*CeBr 3 

(estimated {!!)) 


T f *K. 

Hr-Hm 

O.HI 

iff 

299..*.... 


-192,000 
[-302. SB} 
(-20C, 600) 
(-189, OOO.i 

(—146000) 

SOT. 

d«6) 

(16 0(E) 
(42fE0.l 

(-176 000) 
(-146 000) 
(-)U,mO) 

1,000. 

1,600.... 



Cerium Triiodide, Cel a (r) 


M P = 1j03S* X, (29) 

&Hm= ( 8 , 000 ) calories per mob 
S.P.= U,670*) X. {&} 

A AV= (40,000} calories per mob 

Formation: Ce-f-3/2li--+Cel 3 


(estimated (JJ)) 


T, ■ E. 

Hr^Hm 

AH' 

Arf 

298. 

SOO_ 


... 

(5,000] 

-153 .000 r 
{-184. WO)’. 
(-181 HE) 1 
(-169. XBl 

(-161.000) 

1.000 _ _ 

S .HC. ■ -- - - 

09,000) 
{44. COO) 

366,400) 
(-130.0003 
(-107, OO0> 


i 20 

i40 
[ 4EO 
. -ISO 

j -200 

;-Z20 

i 

- -ZAO 


5 

s- 


-420 









6 ■“ 

] 




r 

^ r 

-J 



[>^3' 




F ’" r ‘ 1 














c*e, 

















c*'l 

I h 



j-: 



- 






J - 


A 

f 



) - 


y 

jr 




j 


A 

Y 




D - 

G*J°1 

-I 







WDOO (500 

TEMPERATURE, *K. 


500 500 

Fiona* 11 ,—Ceriom. 


ZD 00 


CHLORINE 
Element, Cl 2 (rf 


Sm= 53,31 t.u. (S3) 

M.P. = 172.k6 D K. (US) 
£i.Hx— 1,531 calories per atom 
B.P.= 239.l e X, (Ilf) 

78 calories per atom 

































































































































































































int[i^uuinAjMiL rnurEHTIES Of 6 5 ELEMENTS 


Zone I (£T) C2CIS“-3,0ft} 0 K.) 

c ^ 8 S 2 -M).O 6 XlO- 1 T- 0 . 68 Xl 0 'r-HSf) 

r/ -2.861 + fi.82T+G.03 X 10"* 7^+- 0.68 

X L0 1 7 w, 

p _ .&2TtnT~0MX 10-T» + 0.34 

r Xl0*^+e,06T 


T. ■ E- 

Hr -H* 

5r 

{rr-H+A 

r 



A3. Sl 

53.31 

jtyi . ■ ■ ___ -•» 

a+o 

is, *8 

53.79 

__ , , . . . r . -. 

LOSE 

57. 75 

H S 

500: . ... a , . - r - r 

XSW 

43, 23 

5a H5 

^oo _ _ . _,. .,.. 

Xi3 

CD. 57 

6A65 

JDO - ... 


A3 » 

bL 3V 

cm _„. T _. . , . . 

i, ,ir# 

ffl 5) 

17,06 

IrfBW-—---.- - 

| J03 ......■ .. 

s,04fl 
a. 313 

CL SH 
Bd. 5d 

57.74 

68 3£ 


7,«C 

tl li 

5& 

iS . ... 

tai? 

«A OS 

a. 4J 

l^iDS - ---— 

1 i¥lf: _____ 

10,377 

M.7S 

57,37 

Sfi. Bd 
50.46 

llfltt—.. ■■■■ 

1 TfYl . ... 

— 

ll,«3 
171 + 

S7.S7 

68.47 

6a 75 
41.28 

t'jTi ... 

U:« 

68 . 

41. 57 

1 gQQ . 

13. ■as: 

S3. 31 

52. £2 

3^000 .. 

H. 

58. as 

Q.U 



CHROMIUM AND ITS COMPOUNDS 
Element, Cr (c) 

5™^ 5,63 e.u. {83) 

M.P.=2,m° K. (lit) 

&H 3,500 calories per atom 

aj*.«2,9is* k. am 

AHr^83 3 360 calories per Atom 

Zone I { c ) {298°-!,800° K.) 

C*= 5,84 +2.36 X 10“*F-O.SS X HX T* (3f) 
tfi—2,1*0+ 5.84 T+1.13X10^7^+ 0.SS 

F r - #*■= - 2,140 - 5.84 7’in T— 1.18X 10’» r*+ 0.44 
XlPT-* + 34.56 T 


T, m T. 


St 

T 



A 6g 

7. 46 

a so 



.620 

J 1 ® 

SX____ . 

i ZSD 


500. 

UMC 
i, BM 
3,19] 

4. 140 

A HD 

10. 17 
11,25 
1221 
i& 11 
n. Bd 

A K 
A 76 
2 4S 

TOO,...... 

Mr..,... 

BCD _ 

L5L 

1.BM. 

1,MB„. , 

A 49 
9. 96 

JJM 

1,300. 

A 63a 
7.530 

t.UC 
10,290 
n. 250 
12. 230 
13,300 

1L 1? 
* 

. 


10. SH 

11. 17 
1L TO 
12 09 
12 44 

11 79 

12 26 

l.aoa. 

;? IT 

i.wi. 

ift fi 

1,700... 


UCO... 

1,»0. 

15 T 
19. 27 

1,000... 


X. t[ 




Dichromium Trioxide Cr 2 O a (c) 

—272,650 ralories per moLu 
^»i-19.4 #.u, {112) 

T,P.= 298.16 s K. (f4) 

100 calories per mole 
M,P = 2,553* K {Si) 

4,200 calories per mote 
B,P. = 3,273 d K, (9j) 


Zone I (c) (298°-1/300 0 K.) 

„ 28-53- 2.20X 1D-*T-3,71 X IO7^* {£*) 

^t-^w = — 9,760+23.5.1 T+ 3 . 10X 10 _, 7^ +3 74 
X 10*7^' 


Formation: 2Cr 3/20 a --*Cr,Oj 

Zone 3 (298°-1,800° K.) 

^C t = e.! 3 -4.02X IQ-T- 1.3SX 10*7^* 

&H t ?= -274,750+6. riT—“2.0IX 10" I T 3 +I.33X 10*7^ 1 

ir r =—274,750-6,11 TTnT+2 01X lO’^ + O 69 
X 10*7^105.95T 


T, * K. 

Br-Ww 

Sr 

iff? 

m... . ....... . 


19 i 

^I72.6W 

40D.. t . ___ 

i+io" 

27.« 

-272, 6W I 

SCO---._ .. . , ... 

5, MO 

23.92 

-2H. 650 

BGC+. t _ 

S.3S0 

39. 09 

-271.500 

TOC _ 

1L. 3&0 

43 56 

-271. L50 

JCC.,, 

H, 23Q 

47+5 

-270. SiJ 

BC... 

IT, 2i0 

51-(E 

—770, 600 

1.00C ,. . 

20.240 

54.70 

-370,430 

1.100, 

23,320 

37.14 

—270, 300 

IJG0_... 

36.450 

59.84 

-270, 050 

!JCD. 

29. AK 

E2. 33 

-269. 950 

1,«0. 

32.670 

64. 65 

-269,900 

1,500. ,. . 

35. 760 

65. SC' 

-3S9. 950 

1,600_ 

38.920 

68. 87 

-270, OB 

1,700.. . . L 

42.050 

70. 12 

-270, I® 

ljeco. 

45. isd 

72.51 

-270, 




-1U-, 
— 247. 


-HI. 
-21 Sl 
-XV 


-187, 

-191, 

-185, 

-ITS, 

— 172, 
-166. 

— I SI, 


Chromium Dioxide, Cr0 3 (c) 


—142,500 calories per mole {84) 
&m={ 12.70] #.u. (*4) 

Disproportion ates 700* K. (IT) 

Formation: Cr-+Oj—-*CrG 3 

(estimated (£ 4 )) 


T. ‘ X 

ff r—3 /jii 

A/fl 


TBfl. 


-142.500 
(-142,300} 
(-142, 500} 
(-143,5001. 

. (-142,3001 

1-130.000) 

«0. 

11,3001 
(2, Tea: 
iA 300) 
li, 6001 

500. 

ftC. 

{— 12A 5®!' 
(-121.300) 

7W.. .. 

(-11A KB) 


Chromium Trioxide, CrO : (c) 

A= { —140,000} calories per mole (£i) 
5 m -(24) e.u. H4) 

MP, — 471 n K, (£4) 

= 3,770 calories per mole 


Formation: Cr 4- 3/20 : - 


{estimated (£ 4 )) 


+Cr0 3 


r H * k. 

^T-Yf nJ 

AKF 

AFt 

296..,,-,.,.. 


1 (-140.000! 

(-121,OB) 

4CC 1 .. 

(2, 700) 

| 1 - 138. ODO) 

(-11A 5<B) 

50C-. 

(9. 5®> 

l-101.0001 

(-1W, 5CC) 

BOD. 

(12, 3001 

| 1-133. DOS) 

(-103.500) 


408 


SEBgSNgH3Eg&sE 


HEAT CONTENT, H E AT-0 F- FO Ft M AT ION, AND F RE E-ENERGY DATA 


Chromium Diflu a ride, CxF ? (c) 

= — 182,000 catorica per mole {11} 
f.u. t/i) 

M F.= 1,375° K. {&) 

—(5,500) calorics per mole 
UP. ^(2,400°) K {6} 

A FI r = (60,000] calorics per mole 


Formation: Ct+Fj -^CrF 2 

(estimated (Jf)} 



A H% 



-ES2.0TB 

r—173. COO) 

(3,HWJ 

[-181. 9®) 

(-165. 5001 

(13.000) 

{-179. SOQj 

{- LAS. CKO) 

[3x m 

(-]69,60O1 

(-137,0001 


Zone I (c) (21)8°-1,088° K.) 


1 / lS -“ 3 + 5-30 x io-*r { 9r, 

" T -4,770+ 15.23 T+2.65 X lO-’T 7 




Znno II (0 (1 <088°-1,57-5“ K.) 


+= + W-0 

ZZj W =r -3,409+2+ T 


Form a Linn: Cr--0V 
Zone 1 (20S°- l,aSR a K.) 


■*C-rCU 


4sC,®=0-57+2,Sax 10 ’*T+i.56X10*T-* 

A//t= " IM,33Q I-0.57T —1 14X lCMr 1 — 1 ^r,y ifup-i 
4+r= -04,330 -Q.HTtnT - 1+4X lO ^-o-ft 
X 10*7^ + 34 MT 


Zone II (1,08*5°-1,57:t° K.) 


Chromium Trifluoride, CrFj (c) 

A/Zlw" — 266,000' calpriea pec rnole UJ£J 
5m =(25) a.u, (li) 

M.P.-= 1,373* K. (5) 

aA/v — ( 11,000) calories per mcle 

BP, = (1,700*) K. {6) 

£>Ht^= (48,000) calories per mole 

Formation: Cr + 3/2Fj^-- +CtF 3 

(estimated ( 11 )) 


r+E:, 

Hr-Hnw 

AHi 

iff 

29#... 


—266, 000 
( — 364. TOO} 
(~3&], 100} 
{—24ft. TOO) 

(-260.000) 

(-239.000) 

(-315, DG&) 
(-197, POD) 

600 .... . 

(3. OOP) 
(i a Qoo) 
(42.CG01 

1.000.-,.__ 

1.5Q0. ..... 



A{7 ff = 9-34 - 2.42 X 10-*r+1.56 X 10*T-J 
fl tf r= - + 9,34 7 1 - L21X 1 O' 1 P - 1.56 X lfli ^ 

92.900 “9.34 77nT+1.2 IX 76 

X UP 7^+90.87 T 


T, * K- 

ffr— Hw j 


aw; 


«.... 1 

i 

27.8 

-64. a«o 

-K5,2J0 

+30 ,.. 

),:w ; 

a. 9 

-94. 770 

-82,150 

WO...-. 

3.wr 1 

3 au 

— 94.620 

-79,060 

600---+: 

i.V£‘ ; 

40.00 

-95.730 

-76. Q50 

TOO .. 

7,215 ; 

43.02 

—93, 430 

-73,050 

*».. 

9. 123 ; 

41.« 

-93. itO 

-70,1E0 

KO... 

11.063 

46 * 

-92. 730 

-67. TOO 

1.0OG.. 

13.105 ( 

49. BO 

-92:4» 

-66.500 


22. 9&5 ■ 

60. 4 

-S4.160 

-oa.foc 

1^00....... 

25. M5 • 

62. 4 

-53.6id 

-6:. floe 

UO0. 

27,7*5 i 

64. 4 

-82,916 

-59.™ 

1,400. 

50. 185 

lift i 

-32.410 

, -56,250 

1,500.,..,.. 

32. 5*5 : 

67.8 

-81. TOO 

-56, 100 


Chromium Trichloride, CrCh (c) 


Chxomiuiu Tetrafluoride, CiFj (c) 

A/7»*= ( — 2S6 ( 5O0) caloric per mole {11) 
&*=(33} c.u. {11) 

M.P. = {$bQ°) K. {tf) 

HiHfi= (5,500) calorics per mole 
£.P.= (570 a ) K. (ff) 

(14,000) calories per mole 


— 132,500 calories per moje (SJ) 

Sw*=(30) .#.u, (83} 

S.P.= 1,220* K. {8) 

AH,..jr=56 r SOO calories per mole 

Zone I (c) C29S°-U0Q° K.) 

C. = i 9.44+ 7.03 X ID” 1 T (Pj) 

Hr- E 1W = - 6,105 + 19.44 T+ 3.51 X lO 1 T 7 


Formation: Cr + 2F,—-“*CrFi 

(estimated (10) 


r. - e. 


AHt 

aF\ 

296.. 

500.... 

1 MB 

. Am 

(-086.600) 

( - 2S4, 5C0j 

(*-267, HB) 
{-2i4 CD0) 
(-241.KK) 
[-233. 000) 

1 ECO 







Chromium Dichloride, CrCl 3 (c) 

&Hhi= —94,500 calories per mole {118) 
S:„- 27. s #.n T {83} 

M..P.= 1,088° K. [11°) 

&Hm— 7,700 calories per :nole 
fl i 3 .-1,573 d K. {94} 

£kH T =- 47,500 calories per mole 


*CrCi 3 


Form all no: 0x4-3/201^-—-— 

Zone I (298°-1,220 s K.) 

iiC.“O.37+i.5SXlO- , r+I.9OXl0 s ^ 1 
bto T = - 132,300+ 0.37 r+ 2,29 X 10-’T*- 1.90X 
aFt— - 132,300 - 0.37 Tin T-2.29X 10“ J T 7 - 0:95 
X 10= T~' + 58,90 T 


r.-r. 

Wr-Rrti 

Sr 

AX? 




(30.0) 

-131,500 

(-HA 900) 
-110,3)0} 
(-10*. SOO !. 
(-99. 1501 
(-KlWl 
(-83. SCO!' 
(-83.6WI 
-TASOC^ 

^-75,3X1 
| -6A5W1 

600 -.... 

too.. 

700 ... 

i,wo 

4,4tJ 
6. SB 
t. L30 

136-23) 
(4), 4*4) 
(45.74> 
(«,24) 

-132. LM 

-131.450 
-131. IB 

#X . ___ 

11.710 

(52 7 8) 

~ 130.61Q 

9®_____ 

13.240 

155.55) 

- L30. 1M 

1 OJ) 

16.350 

158.151 

-129.6SCI 

1. kUD.. 

19, 540 

160. 96) 

-l3LiiO 

.. 

1 =■=» 

(63. IS): -liiS! 

































































































































































THERMODTCJAIUC PROPERTIES OP es ELEMENTS 


Chiomiujn Tetrachloride, CrCh (0 


_iJCLtXX) calories per 

s£-(«> *- u - tffl 

(2,000) cilcnca per mole 
Hjf-U30*)K. W. , 

(9.D00) calories per mole 


mole (Jl) 


Format ion' Cr + 2Clj 


■^CrCli 


(estimated ( 11 )) 


r.*r. 

Hr-Hm 

AHr 

&Ft 



——- 



-no. mo 

(-94, OCO] 

r_B«| Vlj'j 

S51— ... 


(—97,^1®} 



Chromium Dibromide, CiBr 3 (c) 

( — 74 , 000 ] calories per mole (!J) 
Sm=( 30) Mi. (if) 

M.F, = U15' K. (tf) 

*#*=(6,500) cslories per mole 
B.P,^ (l P 400 fl ) K. (S> 

*Ht = ( 35 , 000 ) calories per mole 


Formation: Ct + Riy 


(estimated (11)) 


*CrBr : 


Formation,: Cr +1 *- 


(esdmaLed (11)) 


-*CrI 3 


T. ■ Z. 

Ur-Hm* 

4JJr 


?tf __ 

■ _ 

(-43. COO) 

[-43,000 

soc . . 

(4. OCO) 

1-57,000) 

(—41.000) 

.. 

04.000} 

(—15,3001 

| (—31.000) 

L,M0,. 

(5i,9iX: 

(-20.WOJ 

(-16.000) 


Tetrachromium Carbide, C^C (c) 

—16,400 calories per mole (I7£) 
5^=25,3 e.n. (m) 

A/.P.= 1,793° K. ($ 4 ) 

Zone I (C) (298°-1700° K.) 

C B -29.35+7.4QX ]0'‘T-5 02X 10 = T"* [St) 
H T -= - 10,7-54 T 29.35 7V3.70X IQ^T* + 5.02 
X10»7" L 


Formation: 4Cr-bC- 


+Cr<C 


Zone I (29S°-1,709° K.) 

AC ? = 1.89-3.06 X 10 -r+ 0.00 xi^r - 3 

^H t - - 16 620 +1-89T“ 1.53X 10 -J 7^ —0-bOX 1Q*T 
A f r ^- 16.620- 1.8977*7"+1.53 XlQ-T 3 -0.30 
X 10 ^ ir ] +10.197 


Ti * E, 

Ht-Hm 


AH* t 

JM r _ L ____ 


[-74, MO) 

[-70,0301 

jilQ 

.{iTomi 

f-M. 500) 

(—63, SOS) 

l/H) ... 

(14,0®) 

[-79,000) 

(-46. mo) 

1.800.... 

(B9.CE0) 

(-33, COCO 

("X, CtO.i 


Chromium Tri bromide, CrBrj (c) 

= — 91,000 calories per mole (if) 
St*={ 44) e.u. Ill) 

S.P.^t 1 , 200 °) K. 10 ) 

£lH,»u = (54,000) calories per mote 


Formation: Cr+3/2Rr s - 


(estimated (11)) 


*CrBr, 


r.-z. 


AHr 

AFr 

xe.... 


-91.000 

(-86, SOT) 

KC...... 


(-101,(00) 

(—77,000) 


Chromium Diiodide, CrI? (c) 

—43,000) calories per mole U1) 
e.u. ill) 

M.P.* 1,066'- K, [£) 

*#*= ((hOOG) calories per mole 

B,P. = (l,10Cn K. [S) 

AH (24,000) calories per mole 


T, ' Z. 


m...,,-,. 

UD___ 

SOO...,.. 

am...— 

. 

am.—. 

«n.— 

1, DM,-—...... 

1,100 .. 

1, BOD. _— 


l, SCO.. 

i,aw_ 


i,™__ 


Hr- Hm 

Sr 1 


11 3 


33.36 

5. BSC 

1C’. 16 

9.9L3 

11.92 

32.390 

50,97 

31,7m 

1 L J2 

19.2® 

». M 

22.770 

O. 41 

X, 120 

66 . 66 . 

JO, l® 

70.14 

u P ooo 

73. 12 

37. 950 

X. 14 

4Z010 

78. 94 

», 1 » 

61.61 

JO. 4SO 

64.23 


-16, iM 
-IB.'UC 
-16.250 
-16. £50 
-16. IM 
-16,010 
-H.09C 
-16,200 
-16.4® 
-16,400 
-it. bio 
-IT, l® 
-37. IM 
-17,150 
-17, am 


-IB. 
— IS. 

-17, 

-II, 

-37. 

-17, 

-17, 

-IT, 

-la 

-31 

-it 

-16. 

-16 

-li 

-st 


Heptachromiurn Tricarbide, CfTCj (c) 

d#l« = —42.600 calories per mole (7f E ? 

.5rt, = 4S.O i.u. (H*) 

Dispropeftionates 1,940° K. (£) 

H T -= — 21 . 010 + 56.96 T+ 7.27 X10“* P +10.12 
X10»7^ ] 

Forms lion: ?Cr ] ■ —-*Ot t Cj 

Zorns 1 CitiH" K j 

Af -.3 7K - 5 04/ Id 'T I 2 :HX 4 
A/j; ■ -« t fin0i:t.7H7’ lUl /\0 ‘‘P 2 -H X lir / 

A /.- - - -pj OfX> - 1UK7'id J / H \ 2X>1 / \ 0 1 * 17 

y.l&T l !« :sf>r 


&3SS& BE £&££&§§& 


KEAT CONTENT, HEaT-OF-FQWMATION, AND FREE-ENERGY DATA 


»-. -.1 

4®.~ —- —.5 

AW.— 

tn .... 

7W..—.... 

sro.-. 

tff... 

l jom...... 

i.tnc.... 

S.OT..——* 

1,300..., —.- 

I, 400 

J. 500. 


i, *40 

n. 3^1 

IT, C r .1 
73.660 
30. 

37. 340 
44.730 
St. wo 
M,M0 
». '300 
73,700 
*1, 7 SO 


7 ^ n 

67- 'A 
37.83 
U*. 6S 
■ 14, ISO 
111- T7 
126. 7^ 

115-Od 
1«lOS 
14S-» 
ISS. 24 


afriV 


-«.eno 

-4L.3M. 

~4s.:rc 

-ii.nc 
-41.270 
-43.270 
-4L.SM 
-41. A® 
-43,>:'J 
-42, 43ft I 
-42,700 i 
-4iB^ 


-43.6+5 

-CJ.3M 

— 44. H J"0 

— 45, A3] 
-4t 150 
-46, lit? 

— 47.500 
-46,™ 
-46. 
-49,100 
-50. IM 

-as. tw 

-51,300 


Trichiomium Dicarbide, CijC 5 (c) 

a?i r rat^ —21,000 calories par mole (H*) 

5«,=20.42 e.u. (SJ) 

Af.F.-2,l63 s K, {lit) 

Zone I (£) (293“-l,700 D K.) 

f , _.A 1 q o 4 SX lO^T—4,72 X 10 ^ 

Hj -]fcz -i% +“ ! C 19T+4.T4X 10-T’+4,2 


XIO*!" 1 


■»Cr,C, 


Formation'. 3Cr4-2C 
Zone I (298°-l,700 a K.) 

A?r=-20,450 - 0 .47 mr-0,18X10-* 7^ “1.06 

XltF^’+l^OT 


-300 l 




3 

- &l, 

_t-a 

B 

' CrQ^^ 5- * C't 

L , 




_; 

— 





y' 











~'c*r 

l r 







---irF. 







- 

, Cr * 4 

'>k 




f,' 




i 



.L 1 


300 600 

T£uPERATuf^ p ’ k. 
Figure 13-—Chromium (b). 


2000 



4 m..:,., 

Xf) _ 


sro,__. 
300 - 

1, 0M-. 
1.1®-- 
1.200... 

1,400... 
1, 502... 
1.SOO- 
1.J00... 

1, s 

1. tM.. 

2. 0CD-- 


Ht-Hm 

aJr 


30. 4 

% sic 

2S.W 

4, 4® 

34 17 

A S*> 

39. 16 

n. 51Q 

+4. « 

14. T® 

48. EC 

LA 1® 

S2.71 

31, 530 

56.36 

21, L40 

Ml 71 

a, 7» 

i 63 ca 

32.5+0 

66. 15 

36.+® 

69.&1 

10.340 

71.62 

44.4® 

7 4. 32 

43.600 

7t, n. 

(12. S») 

(T9.0) 

[57,110] 

(81.13) 

(53, wo: 

i [SJ. 92) 






- 21.000 
-20. 750 
—33.56G 
-2Q,«0 
-20, 210 
-®. 0 M 
-10,910 
-14. SfiC 
-19.610 
-19. an 
-E9.SE 
-19. 7543 
-11,670 
-39. 650 
-19,370 
(-19.2301 
(-19, 3E1 
(-19, OAOl 


-21.900 
-21. JM 
-=1.A50 

- 21 . as 

-21.WE 
-22.23C 
-22.400 
-iLTDO 
—K.9W 
-2s.ia> 
-21,900 
-51..m 
-24.2® 
-24.630 
-24.SM 
f- 3 4.S30> 
(-3S + lSOi 
(-23, t»l 


ChroEnium Nitride, CrN (c) 

a ^ = _ 29,500 csloricg per mole (S^l 

S 1 - =S.9r.u. ( 8 i) 

Diapropcrtionabes U f S 00 4 K.) (W) 

Zone 1 (e) (295^800“ K.) 

c,= 9 . 84 +s: 9 xio^r _m 
/ /l ._//^=-3,llQ+9,MT+1.95X10' , r 

Formation: Cr4-l/25>i - ; ^»CrN 

Zone I (298°-800° K.) 

iC, = D.67+ 1.03XI0-T+0.B8X lD*r' 

rH+-S9.1M + 0.67T+0.ilX10-T'-0.88XIO‘T' 

, r ' _29 450-0.67TJuT-0.51 X10"*T>-0.41 

X 10*7^ + 23.9^ 











































































































































































































TBTmMQDl+JAMIC PROPERTIES OF 6 5 ELEMENTS 


T. * K. 

Ht-H *1 



*4 



A a 

-7&.&QC 

-ZLG£a 

__=, . . , -- 

1+-16" 

»-» 

-J6-.35C 

— 11. &4C 

jm _____ 

7-J0C 

H. 7? 

-C9, iao 

- ». TS5 


3.501 

[fl-BS 

- 2 s.ra 

-57. JJC- 

700___ 

4.73J 

LAK 


-itoed 

600 ....-— 

S.Sft> 

IGLifi 


-J-L3K 


COBALT AND ITS COMPOUNDS 


Element, Co (c) 

6 _S 6 e.u, f 83) 

T.P.= 7 IS* K. [32} 

A#r“0 calories per a.w m 

r/\~i p 4oo e K, (Sf) 

Afff” 130 calories per atom 
K. JM) 

3,640 calories- per atom 
B.P.= 3,373 s K. {112) 

Zone I (») (29S a -7lE° K.) 

C,= 4.72+ 4.30 X10-»T (ffi) 

-1,600+4.72 T+S. 15 XIO-*!* 

7t" Hv*= -1,600— 4.72TlnT— 2.15X10^*P + 25.94 T 

Zone II ( 0 ) (718°-! ,400° K.) 

C,=3.30 + 5.8SX W*r (82} 

Hf—HiM— - §79+3.307+2.93 X IQ- j r 

F f - // m = - 979 - 3,30 77n 7- 2.93 X 10- 1 T^+16,36 T 

Zone III ( 7 ) {1 r 400 c -lj763° K.) 

^-=9.60 (8t) 

-3,920 + 9.607 

Ft -— 3 S 920 - 9.6077nT+ &0.0T 
Zone IV (f) (1,763°-!,900° K.) 

C,=8.30 i8S) 

Ht~ Hi*= +2.0tO + 8.30 T 
F t— Htk=* +2,010 - S.307in 7+ 47.07 T 


r. * E. 

Hr-H*. 

3t 

T 





400. 


&40 

A JO 

A K 

T, 10 

SCO.. 


LXC 

3A 17 

too,. 

7.« 

A t3 

7C0..,. 


|I 4| 

too.,. 

j 5 AT 

ii it* 

A H7 

«o.. 

. ' 

4 T+jQ 

Si SI 

9+4 

*.73 

i,oon. 


siiM 

S. ISO 

iS> 5 ^ 

I.10Q, 


3 A 45 

mu 

l r ®0 . 

7. L gg 

W. S3 

i r 3ga_..... 

Ll» 

11 IS 

ii. a 

3,«o. 

n. la 


—.*— 

It. 440 

]E 03 
3>71 

1X31 

Ll ac- 

1,706. 


Ki * 
Ti.. X 
34. 05 

11 25 

1,800 .. 


□l m 

1.900. 

XOQ 0 . 

.™—™— 

17.7SJ 
(3S, C50) 

IA 14 

K 55 
( 1 A»J 





Zone I (e) (208-1,800° K.) 


C, 


= 11.54 +2.04 X 1Q-*7M-D.40X 10*7"* (82) 
*- 3,400+ II.547+ 1.02X10-*7^-040X 
XH>7^ 


Formation: Co + l/2C 3 “-^CoO 

Zonal (2BS*-718° Kr) 

ACj, = 3.24 —2.76X 10^*7+0.6X 10* 7 1-3 
A W r = — 57,940+3.24 7- 1.3SX 10" 3 T> -0.60 X 10* T*"' 
AF r = - 57,940 -3,24 Ti n T-*- 1.38 X 10^7* - 0.30 
X lO*7~ E +39.287 

Zone II (718M,400° K.) 

aC,=4.66-4.32xiO--'r+0.60XIO , T’-' 

&H t - -58,590+4.5ft7-2.1GX |Q-*7*-0.60X 10*7'-’ 
AF T = - 58,590—4.56 Tin 7+ 2.16 X 10'*'P - 0.30 
X 10*7 1 "*+48.9T' 

Zone III (MOOM,673° K.) 

AC V = L64+1.54Xl0- i 7-L0.60XlO7- s 
AHf = — 55,750— 1.64T+0.77X 10“ l 7*-0.60X 1D»7~' 
&F r = - 55,750- l.B47Tn 7-0.77 X I0" 1 T* - 0 30 
X 10*^+5.477 

Zone IV (l r 673M,80G° K.) 

AC P = — 0.34+ 3,54X I0“ J 7+ 0.60X 10*7^ 3 
aH t = — ft 1,480— 0.34T+ 0.77X lO^T 3 -0,60 X 10* 7^ 1 
&F T = ~ 61,480+0.34 Tin T- 0.77 X 10“* P - 0.30 
X 10*7^+18.277 


T, * K, 


St 



13. M 

400_,.. 

1. 260 

IS Jj 

too,..,.,. 

E. J7Q 

19+L 

TOO-... 

1, SftO 
i, LAO 

31.# 
23.# 

«».:. 

A 470 

25 31 

tog.. .. 

7, 790 

2LS7 

Lots. 

ft. )to 

a, 77 

1.300.. 

10. 4M 


IJOC... 

11,330 

30 73 

1,300..... 

13+10 

}l ti 

1,401.. 

14.040 

32.90 

l,5tc.... 

1,600 . 

IS. LDO 

33. Si 

E,7tRj.. 

1ft,14Q 

35^ S] 

i,aco... 

20.7SO 

M. 72 


| 4Fr 


I 

—37, 300 
-S7 H K» ! 
-M.7WJ i 
-#.S» | 
-#,400 I 

-»,ao I 

-#.5)0 I 
-S6, ISO 
-#. LlX [' 
-56. WQ \ 
1M ! 
-SAKB i 
’#.500 
-K.UQ 
’id, 150 ' 
-S9-.6J0 


-51,700 

-4a. 

-It 

-41. 

-a 

-K. 

-n. 

— S3-. 
- 31 . 


Tricobalt Tetraoxide, Co 3 O h (c) 

A//jm= —207,000 cnbrii-s per molt: {^4) ■ 
j3h*= 35,66 r.ti. (£ 4 ) 

Zone 3 (c) (298°-i.000° K.) 

C p ^ 30.S4 + 17.03 X i0‘ J T- 5.72 X UPT - * (91 1 
Hr~ ttm - - 11.870 + 30.347+ 8.54X 10“ 3 T* + 5.72 
X 10*7"' 

Formation : 3Co + 20,--- *Co 3 Gi 


Cobalt Oxide, CoO (c) 


& 5/,300 calorics per mo 

£^=12,63 /.ti. [83) 

M.R- 2,078“ K. UU) 


Zone l (29*°-?IS" K.) 

iC p = 2.36+2.1BX 10**7—4.92 X 10*? 1 -* 

-209,450 + 2,35 Tt 1 m X 10 * 7* + 4.92 
X 10*7^' 

Af t— - 209,450 — 2.36 Tin T - 1.09 X 10- 1 P - 2.46 
X 10*7^'+102.16 T 




HEAT CONTENT, HE AT-OF-FORMATION. AND FREE-E^ErttCY DATA 


Zuiie II (718°-+000° K.) 

A C G.62 - 2.50X 10-*7- J.92 X 10* 7" 1 
At It- - 211,220+6.027- 1.25X lO 1 ^- 4.02 
X UPT-i 

-23 3,220-6,02 7Jn 7+ 1.25X lO- J T^ + 2.46 
X 10*7-' + 131.037 


T, * E. 

tlr—Hn i 

fir 



m ... 


35.cfi 
4Att(i 
; ^ 04 

Sil.DH 
«. LI 
71. Ii9 i 
7ft. K 
SO. IS 

— 307.. □□□ 

— 307, IK | 
—■53b, i5C 
- 20 b.®C 
-33b, itoO 
-■jfi, 4dr> 
-30fi.6a> 
-205.250 

-1JKZ.&Q 
-371KE- 
-IfiS, 506 
-157, £0 
-HS.tmo 

- L+0.7# 
-L32.5i0 

- L24, 6 SO 
( —82, SCO 1 

4O0.,... 

iCO.. 

fOO.... 

700.. 

ar. 

BO.....-- 

1 .O 0 C_____- 

1.50Q...... 

3,27^ ! 

AStU | 
la&M) i 
H.Wft 
1A142U 1 
1S.3C0 
■ 2 A 2 SU 






Cobalt Difluoride, CoF, (c) 

- — 158,000 caloric.* oar mole [11) 
5m-(2 D e v. (II) 
itf.7.= l r 475 6 K. (fi) 

(9,000) calories per mole 
B.P,= (2,000°) K, ($) 
aHt— {4S.000 1 ) caioriei por mole 

Formation: Co+F a ---—-*-CoF, 

(estimated {11}) 


T+K- 


d/i “ 

d/7 

296 ..... 


— L5AOOO 

(—147. BCD} 

m_. 

(3, 5001 


(-14L.Q00) 

...-...| 

| 413.0001 

f-l#, IDO' 

+ 125.000) 

1,503....____ „ _ 

{14. 00O| 

{-HA 7QO] 

(— L06. S00) 



Cobalt Trifluoride, CoF 5 (c) 

& Hi* = (“ 190,000) calories per mole (//) 
Sm={ 27) e.u, £JJ) 

MP.^( l,300 n ) K. (6) 

AH it — ( 12 , 000 ) calorics per moSe 
B-P = {1,600 s ) K. [£) 
a IIr= (40,000) calories per mole 

Formation: Co + 3/2F 3 -*OoF a 

(estimated {11}) 




-CoCJ 


.68 


- \n (2 L Js>''-on7 :3 k.) 

//p _ f f 1 ' “ U U M X 10 

fIrtl LJ4.j t l 1. i t 7-1-7.311ip-Jp 

Formation; Co — fU_- 

Zone I (3f)S°-7lS' :i K.) 

AC, = G S_7 + 1D.24X 7+ 0 68X W7-s 

dW r*- f8,300 + 0.877+5.125 in- ^ n 

iFr- - 75,306 - 0.87 Tin 12 < m-i n n ^ 
XtO’T-'+^a.S? 7^-0.34 

Zone M (71R°-S*97° K.) 

A(\ 2.29+8.08X U.6SX lOT-: 

a// t =- - 79 ,tHHl H 2.29 T -+ 4.34 X ^ o 

X HI 4 T' ‘ " & 

-2.2077, 7^ 4.34XIO-*P-o^ 
X 10*7^-3-53.027 


T, ■ t. 

Hr -Hm j 


urj | 

2*. 

: 1 

23. 4 

^ j 

too........___ 

' 3. &&J ' 

31-23 ■ 

; - 77 +bI. 

sw.... 

4.13) 

3S.9 

i — 7ft. &7(} 1 

$06....*.._.... 

A 340 1 

3SL*4 

■ — 7ftt L Sn . 

7W... 

A7jft3 : 

43. S| 

: -75 36u ' 

Sue.. 

ii.2fio : 

41+ 

j “7i, llXi ‘ 

S®. 

10. V20 

5U. 12 

-73. WO 

1,000.-.,.. 

j 24. 100 j 

H1.4J 

j -Si.tou j 


Af r 


-at. m 

’"3.1AiO 

-oV-iQCl 
-54, tiO 
-Ji. &n 

-43. iifl 
’46.000 


Cobalt Dibromide, CoBr 2 (c) 

—’30.600 ctilorses per mole 
5 m = (33) 4. u. (11 3 
3f.P.*=95L a K. (ff i 
jWjy = (-5.000, calorics pvr mole 
B.P. = (1,200°:- K. 

A/ifv — (25 1 OQGJ cabrio-i per angle 


Formation: Uo+Br,- 


(estim&ted (11)) 


+CoBr, 


T. ' k' 

! Hr-H m ! 

f 

±r' r 

.... 

i < 

-to.fioo ’ 

r-47.-V)el 

toe.. T .,., ... 

.,.-, *” H-+U0jl 

(-S7.OC01 

;-4.2.uuu) 

. . 

1 {24.0001, 

(— 4S. 9001 

(-JD,UU0) 

1. 5CO... 

[Cl.HKj- 

1 

(-IAS0D) 

t-J0,5003 


Cobalt Diiodide, CoL (e) 


r T 's. 



ZF*t 

2® , .... 


(— ISO.0001 
{-taa. 7001 

(-174,0001 
[ - LE3. MO' 
(—140. D00) 

tob-- .... 

(S.KK: 
(IS. DOC) 

1,000. .. 

(- 186 . aooi 



Cobalt Dichloride, CoCln (c) 

—77,800 calories per moEc (Jf?) 
Sm = 25.4 <.u. CffJ) 

M.P.= 997° K. (lit) 

aH k = 7,400 caJorics per mob 

B P, — 1.323® K (Ilf) 

“ 27,200 csJorsee per mole 


Affhs= —21.000 calorics per mole (/J? 

5^,= (37j t.u. (11) 

A/,P. = 790° K. (m 

(5,000' tftSorics per luolr 
(1+00°) K. {&) 

aHv— (24,000) culork* per mob 
Format ton: Co +1^- -——+CoI s 
(estimaied (/J}) 



T. 1 K 




So. 

SC£i_ 


. . ti.'boci 

-21. <X0 
1-ii.OW 

(-51. POP' 
(-■» 0LC‘ 

12)00 .. 


+4.00C 1 ) ■ 

i-in. toE i 

I-7.C0C 

L r i£D ... 

... 

hD.OOOI 

Lxi.Qtt'! 

i-rlOMl 


413 































































































































THERMODYNAMIC PROPERTIES op as ELEMENTS 


Tricobalt Carbide, Co 3 C (c) 

A//*-* +B.33Q calories p^r mote (SI) 

^ = 22.9 tv. ($) 

AFtm= 0.00° calories per mote 



COLUMEKJM AND ITS COMPOUNDS 

Element, Cb (c) 


8.7 *. W . (7) 

M.P.^ 2,770 s K. (?) 

&Hm= f6,500) calories per atom 
B.P. = {5 f 400°) K. (7) 

AHr— (L55.DO0;i calories per atom 

Zone I (c) (29S o -l,900° K.) 

C^5,&6-0.96XlO->r (SfJ 
Mr—’ - 1,730+5.66 7+ D.4SX 10*-» r* 

F T -Hjm^ - 1J30- 5,66 TUT- 0.48 X 10" 1 T> + 29,45 T 


T. * E. 

Hr-Hm 

St 

M. . 


ii 

10 - *6 
ii-ej 

IOJ . 

50C-. .... 

too.,..,.. 

TOO..... 

410 

1.315 

1.S35 

2. 4?Q 

too.. 

ton...,... 

MH> . 

1 ,100.. .. „ 

i.too ... 

1.300. 

1,100 ____ 

l.SOO... 

1 ,BCD. . . 

l,RB ____ 

I,to0............ 

i.toc .. 

P4nn-. .... 

3, ug 

2 , 

4, 400 
5.0?0 

5, 760 
i 450 
1, 1M 
T, 170 
5,2® 
9.300 
10.030 
10 ,7 

til. 110) 

HTt 
li.^ 
IS. 2L ’ 
tils 
\1 45 
IS. DO 
11 . S3 
11MB 

' 19. 4S 
19,91 
to H 
to T2 

tn is) 


T 


87 
891 
5.36 
5 .86 
10. *0 
1C. 86 
11.39 
11.8 S 
11 23 
1167 
13 CM 
13 4-1 
13.73 
14.11 
14.44 
H- n 

12. <W 
{15.43) 


Columbium Dioxide, Cb0 2 (c} 

A-H*m= (— 10O;4OO) calories per mote (£4) 
5™ = 13.03 c.u. (91) 

Formation: Cb + Q a -*Cb0 2 

(estimated (&£)) 


T r * E. 

Ht-H™ 

4 H't 

iff 

^.... 



( 

— 177,900) 

403.. 

(1. M0) 

( 

- (to.. 300) 


-172, SOC'i 

603.. 

a ioo) 


-nr., ooo; 

, 

-Ififi. 500) 

WC. 

iW) 


- Iffl, 700) 

( 

-164, tod': 

TOC.,.... 

k woj 


~'Jf) fflO) 


- ISO,000) 

too...... 

ii.ooa) 

l 

1®. SCO) 


-1M.70D) 

9(30.. 

[9. 6C0‘l 

■; 

'-139. )00j 

1 

!-isi.a») 

l.KG. 

(10,300) 

i 

>isa too; 

J 

:-H7, V30) 

1.10C.... 

( 33 , 00 ;:. 

i 

-1^,700) 

1 

:-iu a®) 

1JCQ....... 

(5A71»)' 

i 


1 

:-i». nx> 

1.100... . 

1A 400j 

i 

' - Iffi. toe 3 

! 

-133,000) 

1,100. 


i 

:-ias,tK0 

1 

[-130. BOOr 

1,W0 .... 

(to, LK'l 

i 

1ST. «o) 

1 

[-ItoLBCC? 

1,600.... 

(41, JQ0 


too) 

1 

f-123,300) 

1,7W1. 

(to, joe: 


-U7.SK) 


E-na. 500) 

1XD. 

tJS,3CD} 


-1X7,300} 


[-UATO0) 

1.900.. ... 

(.27.2X1) 

1 

[-JLS7, 10Q> 


(-110,700) 

3,000. 

■isaoc; 

i 

L^IM,S0O) 


(-106, 703) 


Dicolombiuin Penta oxide, CbhO & (c) 

455,000 calorie* per mole (57) 

5m =32.8 e.u- {&0) 

M.F.= 1,785 s K. {107) 

&. 7/^ = 54,200 calories per mole 
B.P.= > 2,500" K, W 

Zone I (c) (298 B -1 r 785° K.) 

C,= 36.23-5 54XlCri*7 1 -4.8SX 10*7^* (107) 
— 12 r 6*G+36.23T+ 2.77X lO” 1 7*+ 4.88 
X 10* 7^“ L 

Zone XI (0 {1 T 7&5°-U81D* K.) 

57,90 a07) 

- 17,255 + 57.0Q 7 

Formation: 2Cb + 5/20 2 --+Cb 3 0 4 


Zone I (298MJS5 5 K.) 


aC+^T-Ql + 1+2X IQ -1 ? 1 —3-88X lO 4 ^ 1 
A/J r ~ -458,440-r 7,01 T+ 0.56X 10"»T 1 4-3-S8X IWT^ 1 
AF T = -458,440 — 7. OlTlnT- 0.56X 10- l T»+L.94 

V 1 Hi T-l J. 1 4A 


Zone II (1,7 SoM,S10 & . K.) 

&C r = 28.68 - 4 42 X K»- , T+ LOX 10 s T" a 

A// T = -463.750+23.68T-2.21X10"’7^-1 OX lOT^ L 

AF T = - 463,750-2S.6SmT+ 2-21 XlCMT*- 0.50 
X lCPT-' + 317.0T 


r t *E. 

lir-Hm 

Sr 

4H’r 


30S...... 


318 

-4X.000 

-mosti 

ioo..... 

3,6iD 

4191 

-+M. MU 

-41^ 35C 

SCO........ 

T, 10D 

SI. DO 

—453, BSO 

-«1, Ts3 

SB... 

19.850 

ii ti- 

-4S3,2CO 

-JSl.toC 

___ 

14 300 

S3 82 

^43E,M) 

-3S1.SCD 

too........ 

IB,™ 

99 C6 

-423,000 

-J7T1.9n:' 

900 ___i 

23, ®0 

73. IB 

-iil.OCE 

-190,400 

1,000 ... ! 

toeCQ 

78 14 


-ISO. *30 

1,100.-.. 

i to wo 

B2 11 

-*49. TOO 

-140, 600 


21 toO 

E r . 78 

-44E. 850 

-lto-640 

1.303.... 

39. «7tl 

Hr 20 

-448 SCO 

-J21.1W 

1,+GO. ..... 

a. ffSO 

91 H 

— 447, 3J3 

-ni.ino 

l.-BC........ 

41 CTO 

ftS. 53 

-446, SCO 

-301,900 

1,600... 

JllH 

SB- H 

- *4A ISO 

-»1 6to 

1,700.. 

67. LW 

itn 

-444,300 

-»l.WQ 

l.too . . ........... 

K.43C 

in. ii 

-421, IM 

- 273.1 to 

1,90U ..._... 

(91370) 

(IX. ii'i 

(-418 (M) 

[-364. WC) 

3,0X3.... 

(98. 303) 

(12. 45) 

l-iiimo) 

toC'i 


■HEAT CONTENT, HEAT-GF-FORMATION 


' AND fREE-ENERCT DATA 


Cclumbiuni Pentachloride, CbCU (c) 

*lW 0 rji = --190,600 calorics per mole 08) 
r.n. (lil „ 
j\/.P.= 4S5 B K. {5) 
aW^= 8,400 calories per mole 
ap. = 5l0° K. (6) 

i/) v =n r 500 calories per mole 

Formation; Cb+5/2Cb-*CbCl s 

(estimated (II)} 


T. 1 K. 1 

] 

! Hr-It** 

AJT t 




— 190. 500 
j (-1B3.0DO) 

( — 1ST, 500) 
(-181.000) 

MCI........! 

(13, KM) 

: 


Columbium Pent a bromide, CbEij (c) 


—132,850-calories per mole (48) 
S M =( 78) e.u. Ui) 

A/.i\ = 50Q D K. (6) 

&Hji = ( 8,500) calories per mole 
fl.P.= 545" X. (6) 

A//? = [12 t 00Q> calories per mole 

Fc rma t ion: Cb+ 5/2B r.——-ri? b B r* 

(estimated (I/)) 


r,*E. 

Hr-Hm 

sjf; 

A/? 

SB . . 


-is:, iso 

(—ito, too) 

HI ... . 

.(IFQooi 

{—108, too: 




Colmnbium Nitride, CbN (c) 



Figure 15.—Columbian!. 

COPPER AND ITS COMPOUNDS - 
Element, Cu (c) 


a)JW=^— 55.S00 calories per mole {100) 

S 7 m= 10.5 t.u. (S) 

A/.P.=2,372* K. (94) 

41/^= (14,500) calories per mole 

Zone I (c) (298^600° K.) 

0*= 8.69+ 5.40X lD-'T (H) 

Hr~H„= - 2,831 +8.69 r+2,70 X 1Q-1T 1 

Formation: Cb + l/S.N?-—-->CbN 

Zone I (29S Q -600° K.) 

4C- — — 0.30+3.93 X10“" T 
4 // r = - 56,900 - 0.30T+ 1.96 X 10" 1 T 1 

r = — 56,900 +Q.30TinT— 1.96X l0-*n t +2O.42T 


■S w = 7.97 e u, (55) 

ALP 1,357^ K. 

a/f vEt.3,120 calories per fiiom 

£.P.=2,S55= K. (Hi) 

4/iv— 72,800 cileries per atom 

£oae I (c) C29S°-l t 357° K.) 

_ T C,.= s+1+ L5GX m- i r {8S) . -- - 

Hr-Hm = - 1,680 + 5.41 T+ 0.75 X ID' 3 T 1 
F r- t= -i 3 680- 5.41 Tin r-O.TSX 10" 3 + 28-7 T 

Zone II (0 (1,357M,600° K.) 


C,-7,50 (8S) 

-20^7.bOT 

Fr-Hm^-2 0-7.50 Hn T+41.54T 


T, * E 

Ht^Hm 

Sr 

iWr 

ifr 

&I .... 


ID. A 

— 56. toll 

-saud 

400____ 

1,080 

13 6J 

-Ml, TCiJ 

-4c. 400 

5tX>...... 

2, IS’ 

18.09 


-48. mo 

6DC .. . 

3, Jii 

i V8 at 


-44.3X 

TO... 

{< 8701 


t-sa iai 

(-43.300) 

WO. .. 

(J, 860) L..... 

(-85,90011 r-«L3it'l 

too ... 

(7.170) 


{-66 nOCil 

1 l -3t_ 4001 

i r coi.___ 

tt: W) 


t-«.3S0»: r-i6 6M; 

i.ira ____ 

(ta oqu) - 

(-64. S50j 

l-kim 

l h TOC ... 

m,iw)) 


(-54.1501, (-33.8501 

1.30C'... 

i (13.050) 

... 

■ (-54.0001! (-3L.O50) 

1.400... 

(H C40) 


' (-53.3X1 

; {-29.3SDI 

l^SCJQ. .. 

! (18 27U .I 

__ _ 11J . 

r-5?.,9au (-^, at): 

i.ttja. .. 

Hi. 000) 



1,™,....*,.^. .. 

(19.170] .. 

(-il.’ifli 

1 (-H.320I 

l h KM ____ 

) v21, iw) 


( — 21, IK) 

(—™H») 

1*900.. .. 

(33. 431) 


(-a. 40oi 

: (-71.2501 

2.CC0. ... 

1 05,350) 


(-43, Kfl 

i {-It 7001 




























































































































































THERMODYNAMIC PROPERTIES OF 0 5 ELEMENTS 


Dicopper Oxide, Cu 2 0 (e) 


Copper Fluoride, CuF (c) 


— 40,300 calories per mole £f) 
5**= 22A* c.u. (t4) 

M.F.*i r so2° K. urn 

&Hm = 13,400 calorics per mole 

Zone 1 to [298"-! ,200° K.) 


C_= 14.90+ 5.70 X \0-*T{M} 

H T ^ 14MT+2.S5X KT 1 T* 

Formation: SCu+l/ZO*-~~*0uj0 


Zone 1 [29S o -l,2G0* E.) 

Af-. - 0.50 + 2.2X 10' 1 T+ G.2QX IP 7"* 

A// r ^ — 40,930-0.507+LTX lQ" l T»-G.20X 10*7“* 
AF r - -40,980-0,507^7*-1. IX 10“ S P-0.10 
X10* 7^' +21.987 


A^/m= —50,000 calories per mole (H) 
S M = (15) t.u, UJf) 

Af.F.*p,020 # > K. U» 

A/JV** (4,5001 ralqries per moSe 

S7..afl,W) K. Ut> 

A//r= (36,000) calories per mole ' 

Form aiiqn :_Cu + 1 /2F r --—»CuF 

(estimated (II)) 


T. * £- 

1 

l Ht-Hth 


AF' r 

i 

...i. 

—ftq r ico 

(-JU.2C0I 

(-S2,omi 

I+4A ctfl) 

t-3v, tnoi 

600 .... 

1.000 

...] O, nil' 

{-.vi, nn; 
I-6T, ^ r n ', 

! <*JiO 

1 

1 J£D... , 

i*v) 

j 


r. 

Ht-Hm 

s f 

Af/f 


3se_„ 


EL M 

-40,300 

-34.150 

4C0_... 

im 

E7-40 

-40. $60 

-33. 6W 

iuo... 

4 170 

3S.3L 

-4O.50P 

^3(.M» 

K£., 

i,ao 

Jl 7^ 

-40,300 

-30,350 

TIM 

7. 150 

J7,H 

-40, 300 

-3S. 

BO}..... u _ 

(.060 

W 12 

-32,000 

-»,«B 

left!.. 

11,000 

42 42 

-3V.TO 

-25.3X1 

i,uco....... 

13.050 

4A54 

-N.SD 

-33,7X 

1,100.. 

15. 320 

«. 54 

-3^,150 

-22,150 

1,-JOO. ___ 

17.J3D 

4i4* 

-3AHM 

-20, $40 

1.300.. __ 

(19. 570) 

(50. 2) 

1-3S, 400? 

(-It, IDO) 

|,«0„. .. 

(3X 020; 

(JA q; 

1-44.100) 

i—i7, sun 

1,500__ 

(34, 

(53.S) 

(-43. HK) 

i-u, «k: 

1,600.. 

m m 

(« r> 

{-». ffiO) 

(-13.700? 


Copper Oxide, OuO (c) 

— 37 r 500 calories per mole (£) 
£**= 10+9 e.u. (S6) 

AfJ+-],720 4 K. (f-f) 

Af/jf=2 r S20 clones per mok 

Zone I (c) (29S°'l,250° K ) 

C,™ 9,27 + 4.80 x It)- 1 !* (S t) 

If r-Hi* = - 2 T 077 + 9,27 7+ 2.40 X 10"*T» 

Formation: Cu + l/2Gj—-*CuO 


Zone I (298*^1,250° K.) 

A C , = 0.28+2,8 X 10-» T+0.20 X 10* T< 

AW r r= -37,640 + 0:23T-r 1.4XlO-»7*- 0 BOXIO 1 ?- 1 
AF r= — 37,540—0-28 Tin T- 1.4 X 10" 1 7» - 0 10 
X lO'T 1 ' 1 ^ 24,937 


T, * 3£. 

Hr-Hm 

s f 

a+’t 

ar*t 

23ft--.... 

400... 

»0.. 

$00. . J 

TOO.. 

loo.. 

tQ3__ 

1,000. 

moo,........ 

1J05,.,.. 

leSXt..... . ' 

l«u...___ 

i. 410 

ia 19 

— 37. 500 

-30, 

13. *g 

-17,350 

-28, BCD 

E360 

15.15 

—17, 200 

-3A4» 

3.4&‘ 

li U 

-37,000 

-H300 

4,710 

2CL(J7 

-5$,7X 

—32, 300 

4,00) 

7,330 

31. 7^ 
31 W 

—M, 500 
-36,300 

— 30. 150 
-IX10D 

LW 

34, n 

-3tOQO 


lflL IX 

2$ Li 

-14,TO‘ 

— 14. IQ) 

U. eo? 

37.43 

-34,301 

-H 150 

ttLaeo? 

ra 6) 

(-14,000) 

(-10,2401 

(. 14+ 6+6) i 

(2S 9) 

(-31, TOO) 

(-Lsa: 

IhSOD... „ ^ 
lift!). 


13»-<n 

(-37. 30C) 

(-4,400) 

da m 

(EL&) 

(^3t SOD) 

(-A KO.! 


Copper Difluoride, CuJ 2 (c) 

AB;* - —128,000 clones per mole {/I} 
S** — (22) e.n r (in 
M,P.*=( 1,200*1 K. {S i 

[G f 00tN calories p°r mol? 

B-F. = (l,8GG D i K. {S} 

Formation: Ou-fFj-*CuF ? 

(estimated (II)} 


T ( " K. 

Hr - | 

JH* r 

a# 

S«.... 

i 

-12&.0® ■ 
(-126. SCO) f . 

(-117, ECO) 

sii.., . ... 

(A Men; 
■[la.ooo); 

(-110. xo> 

1,000... 

(-124,30011 

1-M.0Q0} 



Copper Chloride, CuCl (c) 

A Htu=^ —32.600 calories per mole {//) 
S*w=20.S e.u. ( 83) 

St P .= 703° K. {B£) 

A// 1 , =2.620 calories per mole 
B.P.= 1.903“ K. (6) 

A H y = 39,600 cilom-s per mole 

Zone I (c) (298 fl —703° K.) 

C f = 5.87+ 19,20X 10^7 fW) 

Ht - = “ 2,605+ 5,S7 7 + 9,60X 10’>7* 

Zone IT TO (703^1,200° K.) 

C,= 15,80 (7P: 

H t - / /j* = - 2 r 220 -H 5. SO 7 

Formation: Cu 4-!;2C1 j -^CuCI 

Zone I (298 a -703° K ) 

AC,= -3 95 + 17.6JX lO^T+O^X 10 *T’* 
A// r= , _ 31,006-3,95 8,63 X 10^7^-0.34 

X lOT^ 3 

aF r— - 31 r 066 ^ 3.95 Tin T- 8-33 / 1 U” J P - U. 17 
X LO'r — T.5G7 

Zone II (703M P 200° K.) 

aC p = 6,0— 1,53.< lO-’r+TU^UPT' 1 
aB t = - 31,8004- 6.07- 0.765 \< 10"*7= -0.34 
X U^T 1 " 1 

AF r ^= -31,800 - 6.0TE* 7+ 0.765 X 10“ J 7* -0. li 
X KPT" 1 + 50.57 



4X6 


§SS8 


DATA 


HEAT CONTENT. HEAT-QF-FORMATION , AND v-r j,-,. , 

RC¥ 


*K_ 

1.000.,. 

1,1 DC-_.. 

L.335. 


Hr-fJ*. 

Sr 

i/r| 


20.4 

-32, BOO 

" Ksbo" 

24 44 

-32, 45D 

273) 

27 $3 

-3L.*0 

4.34) 

XL 71 

-IS.Wj 

fi,2L0 

32. 52 

-X.BOO 

10,43] 

JS.ST 

—17. 450 

12. DCC 

41.22 

-+.DC0 

13,5® 

42.4 

-26.5® 

15. 140 

44.11 

-26.0® 

16. 740 

i ^ 

-24.550 


4^r 


-M.ion 
-77, 
-75. »0 

-S.HDC- 


-■E, SiO 
-E.iCO 
-31. wn 
-31, wa 
-31, :S0 


Copper DicMoride^ C\iCl z (c) 


^ 7/^=1 -53j400 caioria per trwle (tt) 
S,„={27) a,(i, (11) 

Decompo&es=8l0° K,, 1 a-tm Clj (fi) 

Zone I W (298^800* K.) 

C,= 15.42+12.00 X10- 1 7 {St) 

H f - - 5,131 +15,427+ S.00X 10" 1 7 

Formation: Cu + Cl 2 --^CuCl a 


Zone I (29S 5 -S00 Q K.) 


AC,= 1.19+ 10.44X ICT^+O SSX lO 1 ^ 1 

&H t = - 53,990 +1,19 7+ 5.22 X10" 1 7 s - 0,68 X10* T+ 

A F - 53,990-1.19 TinT- 5.22X10" 1 T 1 - 0.34 


r,*x. 

Hr-Hm 

St 

ah; 

4^; 

2Bft . ...7.. 


rar.G) 

-a 4 ro 

{-4XTW 

400... 

iooo 

fen 

-.SAS® 

-SB, TOO) 

aoo..— 


fe.4i 

—53,31) 

-SA 500) 

®c.... 

fi.SO 

id, -i) 

-51,XD 

-Si, MO) 

7W.. 

L.S3C 

(44, C 

-50,700 

(-», $50) 

BOO.,,.... 

li, me 

(4S. I) 

-4tt,aoo 

(-a, 453) 


Copper Bromide, CuBr (c) 

25,450 cileries per mole (71) 
5^ = 22,97 c.u, (56) 

M,P=76r K. (S) 

Attn — (2,300) c&loriea per mole 
RP.= 1,59 P K, ($} 

A//r™ (83,400) calories per mole 

Formation: Cu + 1/2 Biy ->Cu£r 

(estimated (IJ)} 


n*E. 

Ht “Wp 

an; 




-7S,4J» 


.... 

(00, .... 

aii 

(—36,4®; 

(-2G r (C0) 

1,000... 

n 3*000) 
(H. DOC 1 ) 

(-3< WO) 

(—17, (BO) 

1, *00 _ _ ... 

(-14. WO) 

i-iisiM) 





Copper Dibromide, CuBrj (c) 

—38,200 calories per mole (Ilf) 
Sr*- (33} e.u. (11) 
DecompgBea^feOO 0 K., 1 *tm Brj (ff) 


Fo 


HllUtion; Cl, t-n. 

1 : ' J > r i—-■ 

uuiod (/;)) 





Hr- 

A//| 


2CM_ 

am... 

~~~ ' • ^ 

-33.3B 
{-4C, DOOj 

(-». 4W; 
(-14. 300) 


(< ffiOj 


^PPet Iodide, Cul (c) 


'Ul) ^ e U,) 

aW -=(2 «om X’ ■ 

B. p.= i 4sS? J if 4 “li® per mole 

7 _ ne j f \ Ca lories per mole 

Zone I (c) (298^675° K ) 

-h' 


^^ SX1 0-*T (St) 

15,733 + 12.1 T+ 1.43X 1D- 1 7* 


■+CuI 


B 

formation: Cu + i/2T 
Zone J (298MM A* K,) ’ 

afU - }^T- >.29 X lQ-> r 

Vrtri T . 1 lSQ K9nn7+2,29X I0-*7*+9.477 

Zone II (3S6.1°-4555 r.) 

I?^i + U6 >C 10-* 7 
AF^^n’fg’Jwr+o.aaxw- 1 ^ 

1 50 + 2 ^1 71^7^0.68 X 10- l, P-18.17 
Zone III ( 45 6O , 6750 R . 

■aflxio^r 

AFy= - 24 7oo'2'?} ?r 3,' 6SX 

' 2 - 2 l Tfa 7-0.8a X 10- 1 P+ 3 L3 7 

(estimated (72)) 


T,* E. 

W r-W ta 


an; 


3«. 

CiSj* 

\ $70 
! i.M) 

i tu.ottn 

(53:0)0,? 

n. 1 

26, Bf 
9. S5 
3E44 

i :; — 

-SA5CC 
-li «0 
-3. 400 
-SI, iDO 
(-IA 500) 

(+ 11 , seen 

-17,000 
—1$ BOO 

-tt too 

-14. TOO 
t-tt. Xoi 
(-ABOO) 

4®.., 

WO—.. 

“ 



i,ocn... 




1, 600... 

■ 


—— 


Tri copper Nitride, CujN(c) 
0°PPsr Nitride, CuN (c) 

^sXws 1 ;'® claries per rods (I3J) 
a ''!» = -62,850 ea l [Jr i es per rods , 

Copper Trinitride, CmN, {c) 

^^^. — 67,230 calories per mole (3J) 


417 



































































































































thermodynamic properties of C5 elements 



DYSPROSIUM AND ITS COMPOUNDS 
Element, Dy (e) 

S**=!7.B7 {127) 

M.F.- 1,673° K. 

Atfj*— -(j 10*0 calories per atom 
B_F.^2 f 5CO & K, (12S) 

&H T =07,000 calories per atom 

Data above 298° K. estimated by (ISO) 


T, * 1C. 

Hr-Hm 

St 

(Fr-N*t) 

T 

TBS.. 


17- 87 

J7-I7 
m Hi 
fil} 

+JO_ 

linoi 

(tJSqt 

[I, 

I2.75Q? 
{3.4S0? 
E^. *30 ? 
fA PW? 
W,T«i 
(4 S») 
fT.JTO? 
(11300) 
(P. 050) 

(30.750) 

fUTM) 

(36,5*3) 

f tP. 33 J 

(2 L- 3 3) 
(«.«] 
(2137) 
(24 80 
f2S 521 
(36 131 
fI7 OB) 
(17. I S} 

SOO.. 

eoo. ... 

(19. IIS) 

TOC. „ _ . 

(Ifc ?5> 

ima) 

{3C-.Nr 
(Si. J3) 
(21- 8J ;* 

M».. 

SCO... . 

t.OOC. 

I.IW... 

I 3CM.... 

(y? jqj 

l^OD... 

(gl |1J 

74) 

l.*00. 

f2C 05:- 

(J3_ 17J 

1,500_ . 



LOCO. 

(26- Sit 
(30- Ifi) 


1,700. . 

f30- 76) 

L J,. 

IJ0C... T „. . 


Ljj - 

I.SOO... T .„ . 

. SS«! 

(aiaai 

2,000... 


37,360) 


■ " 


Dysprosium TriQuoride, DyF 3 (c) 


(^3?3jOOO) calories per mole (5) 
■ 5im~ (25) e.u, (1!) 

M P ^[l f 427") X. im 

(8,000) tnbries per mote 

B.P^t2 r SOO a ) K. (6) 

w— (SOjOOO) calories per mole 


Form a t ion: Dy + 3 /2F 3 —- —j-D y F 3 

(estimated (11)) 


T, * E. 


aR? 


?se.. 


(-373,000) 
(-372. 300) 

( “37D, 3CCr 
(—3*5, 300) 

(-355,000) 
(-S4J. CEO) 
(-3J3, 0001 
(-J87, SCG} 

MC. .... 

(A, KOI 

-(17, ODD; 

(32, COO) 

1,000.............. . 

1,500... 



Dysprosium Trichloride, DyClj (c) 

i^j« = f ^211,000} calories per mole (5) 

S,« = m c,m. (ID 
Af.R- 920 fl K. {29) 

(7„000) calories per mole 

B,P. = (l,KXn K. (5) 

&H r = (45,000) calories per mole 

Formation; Dj-|- 3/2CI 2 -- —*DyCl a 

(estimated (11)) 


7\ * E. 

Hr—Hm 


a/r 



(-231.000) 

(-I95.W01 

50C' 

(5,000) 
{IP. 000) 
(43,0001. 

(-210.KO) 

(-18AC00) 

3.000 

{-SoevOOol 

(-181,0001 

3,W0 ... ..... 

(-332.5C0j 

(-142.000) 



Dysprosium Tribromide, DyBiu (c) 


A//«= ( — 173,000} calories per mole (J) 
S»-(45) a.u. (11) 

W.R = 1,152* K. (29) 

A//m = (Q j 00C) calories per mole 

a.p.-fusm k. m 

' a Hy= (44,000} calories per mole 

Formation : Dy-F3/2Br 2 — -+DyBr 3 

(estimated ( 1 /)} 


T. * K- 

Hr-Wm 

aRf 


Sh 


(-173, K») 
(-IB3. >10) 
(-S81.000) 
(-187. 000) 

( —166. Sffi) 
(-(54,000) 
(-131, 000> 
(-132,000} 

500 .. .... . 

(5 000) 
(15000) 
(45 H»> 

l,nw.... 

1,500.... ... 



Dysprosium Triiodide, Dyb (c) 

= — M3,700 calories per mole (5) 
Sm — (47) f , M . (11) 

M-P. ~ 1,243'" K. ( 29 ) 

= {10,030) calories per mole 
B.P. = U,5D0 e ) X. ( G) 

Aj'fv—(j 1,000) calories per mole 

Formation: Dy —-——•Dyls 

(estimalnd {//)) 


T, * K 

Hr-Ht* 1 

AN} 

An 



~!*3, 700 

<-I|3 r 0QOl 

Mfl, r ... 

ii mo) 

( — 365.000) 

(-143. flOL'l 

1,000.... 

1 (39.0001 

t-!6L.StfD 

t — BEfc. 0001 

1,SCO. 

I (14.0001 

1 

(-345 000) 

(-S4. 0001 


Af t Fns£ ENERfif OF FORMATION, htal/g 


HEAT CONTENT, HEAT-QF-FORMATlON, AND FREE-ENERGY DATA 

Formation: Et+ 3 / 2 F 3 ,—- 

(estimated (7 7)) 



*EfFj 


WQ._. 

1.QC0.. 

1 


K doc;- 


UiJ 


tgai 


OOC] 

-cr. cco; 

-XE.CC01 
(-Si. SDd? 


Erbium Trichloride, ErQ 3 


—229,070 calories per tooU 
35.1 *u, tm) 
M.R=(1,049") K. (S3) 
tkHu = i 8 , 000 ) calories per mol t 
B.P “(1,770°) X. (6) 

{44,000} calories per molt 

Formation; Er+3/2Cl 7 - 

(estimated (11)) 


(127) 


>ErCl 3 


T, * E, 


JH_____ 


600______ 

d'oCB} 

i mo ... 

(19,000) 

lisOQ.... 

(43, 000) 




.^^COQ 

r&m 

oajj 

600] 


A F # r 


-HI. +» 
(-2)1,9001 
l —IT?, 1QD1 

l-iaa eco: 


ERBIUM AND ITS COMPOUNDS 
Element, Er (c) 

S,.-17,48 t.u. (122) 

M.P. = 1,800* K. U*-*} 

Af/i —4,100 calories per atom 
B.R = 2,900° K. (1£S) 

70,000 calorie* per atom 

(estimated (7SO}) 


Erbium Tribromide, ErBij (c) 

169,000) calories per mo \ t t# } 
Si*-(44} e.u, (Jl) 
f J=\= 1,196° K. (23) 


M. 


_ . i.ItfO' JV. 

&Hu=( 10,000) calories per mole 
B P. = (1,730“} K. (5) 

A 77 r= (43,000) calories per m 0 i e 

Formation: Er -r 3 /2B rj-——*Er B i* 

(estimated (77)) 



T r ■ K, 


47f? 

4^ 



{mi 

f-ltiWfiJ 

5*Ti ..... 

(5,000j 

SO0-J 
( —1T7 OOCl 

(-151, 000) 
(-130, 000) 
(-JD^SCOl 

Logq __ 

(18.0011 

1 500 

(45,000) 

t’JHBQoi 




Erbium Triiodide, Erl 3 (c) 

U0 r 000 calories per mole 16) 

■Si, = 147) f,u- (M) 

M.P.= 1,273 s K. (f3) 

aT/j* = (10,000) calories per mol e 

£.P.=-(1,550°) K. (6) 

6 Hv =(40,000) calories per mole 

Formation: Erd-3/2la- 

(estim&ted (77)) 


Erbium TiiQuoride, ErF 3 (c) 

A77Vi=(-307,000) calories per mole (6) 

S^=( 25) *.»■ (H) 

M,F,= (1.413°) K. (29) 
aH m = (B,000) calcnes per mote 
B.P, = (2,500°) K, (6) 

A Br= (60.000) calories per mole 

S479+0 0—A3- * 


I.fflD.. 

1,MQ- 


ffr-^w 

Affl 

An 


-140.000 

(—157,50tS) 
M4S,O0d) 

Till 

1 

t iii! 

(5KC1 
(19.000) 
(44,000] 













































































































































































































































THERMODYNAMIC properties of ga elements 



Fiouje 18.—Erbium. 


Formation: EuH-F a ---—^EuFj 

(estimated (if)) 


T r * R. 

Hr— Hwt 

AHf 


3Sfl,. . .... 


(-se.omj 
l-ai.oar) 
{-Tso.dcd:- 
[ —etc. aao> 

■ f-mmoi 
(—sai, ooci 

ito. 

"ti" ODD) 

1 OX’ 

(51. OtOi 
- {34.0001 

(- 343 ’ DOO' 

1 

i P soc .... 




Europium Triflucride, EuF a (c) 

= (— 366,(XX)) calories pe: mole ££} 

£*»=(25) e.u. (Jl) 

Af.F r ^(L,56G e ) K. [m 

AHw= (B,f>00) calories per mole 

B .P,~{2,550 ft } K. (fl) 

iHr = £60,000) calories per mole 

Formation: Eu + 3/2F a -——»£uF a 

(estimated (11)) 


T.' S. 

Hr-Hm 

kHf 




{-KAQ00’ 

(^S47. BOOl 

. 

fiOC........ 

(4 kb: 


(-33A0W1 

1. 000___ 

(17,0003 

t—3*3.0X7 

{-KM.. DOC': 

1. BOO..... 

{«. KBj 

(-ML,OKI 



EUROPIUM AND ITS COMPOUNDS 
Element, Eu (c) 

£»,= 117,0) s.u. (JJO) 

M.P.= £1,173“) K. {I*S) 
aHm = 2,500 calories per atom 
R.F.= (1,700*) K. (J£5) 

£#*■= 40,000 calories per atom 

(estimated (f30)) 


r, *k. 

Mr-Hm 

St 

T 



UT-0) 

ns. m 
{so, m 
{21. M) 
{33, 74> 
{31 73) 

m. ta ) 

(as. «J 
(aa. 4 a) 

(17,9) 
(37.36! 
(IT. 7*j 
{11 3D) 
(LA se;> 

__ _ 

4C0. _ 

n,ocu 

[3.020] 

Swm 

(J.4Mi 

U. 2 111 

h. s«c] 
(A 1701 
{9,070} 
{9, 570) 
(10,670) 
(11 r 470) 
(13.270) 
{□,070] 

aco.. 

flCC'. .. 

Jm. . . 

■30, „ 

fiDO. ... 

t,H». 

(19.96) 
(30.16) 
(30. *1) 

1, ItP . 

1.300__ 

l,JO0.. 

( 79 'Tv) 

(S3. ®1 

(3320) 

1,400.. 

1,400. ... 

ISO. 13 ) 


1,(100.. 


Jg" 

LTdL. .. 

fa! a*l 

2*7" 

i.m „ 

(4il!fl70) 
(49.170] 
(49, UQj 

C&l 491 

L ■ 

1.9C0_ 

uj 


iooo.... 


rSL T3‘ 





Europium Difluoride, EuTj (c) 


^ —2S2,tXX)} calories per mote [£) 

5^^ (20) e.u. { 11 ) 

K. its) 

4fi*= £5,000) caioriefi per mole 
B.P, = £2,700°) K. {€) 

(78,000) taloriea per mole 


Europium Dichloride, EuCh (c) 

&HU = [~ 192,000) calories per mole (A) 
s m =(30) ( .ii, an 
M P.^ (1,000°) K. (19) 

* = (6,000) calories per mole 
RR-(2,300°) K, {G) 

&Hy={ 55,000) calories per mole 

Formation: Eu-I-Clj—-“>EuCli 

(estimated (If)) 


r. ■ e. 

Hr-Hm 


AFr 

Mft .. 


(-irc, ocoi 

f-iai.ooo} 

ICC... 

(1,000} 

(-193.00QI 

(-173, SB-) 

l,TOQ.... rr ,.. 

(13,000) 

C-t®. 000] 

{-isa, cjoc) 

1,400.... 

ril-CUU) 

(-[B.ocgi 

(-I4i.4K!) 


Europium Trichloride, EuClj (c) 

4//jh= f — 20S,000) calories per mole (S) 
£w = H0) r.u. UJ) 

A/,R=89fi* K, {Si9) 

4//^— (7,000) caloric* per mole 

Decomposer Iff) 

Formation: En —--*EuU3i 

(twlitniiUvd fJ /J) 


r , 1 e 

rh~n». 



... 


1-3W.WB) 

t-iw. nm’ 

6CB.... 

”tsAroi 

[-HT.mni 

i-m.axn 

1,000 ... ... 

(19. 0001 

(-■ju.nom 

y- US*, [till 

1 ,xc . 

{43.0001 

[-WJ.00G1 

{-i3V. KtSl 


TIE AT CONTENT, HEAT-OF-FORMATION, AND FREE-ENERGY DATA 


Europium Dibromide, EuBr a (c) 

152,000) calories per mole (ff) 
£,*=£40) e.u. (Xi) 

K- (f 9 ) 

(5,000) calories per male 

B.P.^{2,1$ 0°) K. (S) 

Af/r — (50,000) calories per mote 

Formation: E u + B r,—- —*E uB r 3 

(estimated (f/)) 


T, * K. 

Hr-Hm 

AH j 

AF* r 

39F.. .. 



(-15L0CC) 

400 .... 

iCim 

f-iDamo: 

(-ui, m) 

l.DCf',_____ 

[2LOOO] 

(-1S1, QOC) 

(-132.0001 

l r W).......J 

CCt, 000) 

(-UE, 0(E1 

(-1ZLS0C1 


Europium Tribromide, EuBrj (c) 

166,000) calories per mole (5) 
5**= (46) s.u. (11) 

A/.R=£975 a ) K. (*) 

iH^ = (S r 000) calories per mole 

Decomposes (fi) 

Formation: Eu4-3/2Br 7 --*EuBri 

(estimated {ff)) 


T. * E. 

Hr—Him 

ah; 

a/; 



(- 1 W. 0 M) 

(-1KL0003 

_—*__ 

HE . ..,.___ _ 


{-ITA 400) 
£-i7A ocm 

{-!«, M3) 

1 ern .. . 

a atm) 

(-115.000} 

i*x, _ 

(41,000) 

(-ip. a»> 

(-}<A HI) 





Europium Diiodide, Euli (c) 

Aiftw** ( — 127,000) calories per mole (ff) 

^=(40) *.«. (11) 

M-P.^(&Xf) K. (S9) 

A R x = (5,000) salaries per mole 
B.P. = (1,550°) K. (fl) 

Af/r— (40,000) calories per mole 

Formation: Eu-hli—— -+Eulj 

(eetimated (IJ)) 


, r. ■ e. 

Kt-Km 

ah; 

AJ-; 

2Bg......._ 


(-irr.mot 

t-Hl.HO) 
[-154, mu 
1-131 fffi) 

f-iir.mi 

cm) 

1 -lie, am) 
1-»,COO) 

8QC . .. 

(AffiO) 
{19, 000) 
&L Ml 

IffiE ..... 

1 400 . 



Formation: Eu+ 3 / 2 l s ——. 

(estimated (//)) 


T.'t 

JWf - F/m 

ah; 

ir; 

7». 


[—111 2QC-! 
|-IS3.1MD]! 
t'3», KOI 
[-"Ua Kui 

(-1LO. 3001 
(-101.000: 
(—7T. BCG 1 

[-a, oooj 

500 

{4, ax.j 
(19. 200} 
{M.CCC) 

i,mc. . 

l,4CO.. . . 




Figubjl 19.—Europium. 


FLUORINE 
Element, F 3 (j) 

5^^46,55 e,u, («) 

M.F. = 53,54° K, (lt£) 
aHu^122 calories per atom 
RF,=-&5.0« K, UiJ) 

4 Wt —1,562 calories per item 


Europium Triiodide, Eulj (c) Zone I (?) (29S o “2 ? 0p0° K,} 


AHU=(-H 2 pOOO) calories per molt ££) 
S« = (4B) e.u. (11) 

M. R = (1,150°) X. (f5) 

= (9,000) calorie* per mole 
D*oompo*e* (#) 


C p = S.2^ + 0.44 X 1Q -, T—Q.80X10*7^ (Si) 
Hr- Him = -2,7604- 3,29T-r Q.22X 10’T 1 + tJ.BQ 
X HP T 1-1 

F r- - 2,760 - 8.29 Tin 7-0.22 X KT 1 T 1 + 0.40 

X 10*1^ + 7,31 


421 




















































































































































































thermodynamic properties or QS elements 


T* m * 

tfr-JTrt 

Sr 

(Fr —Kjm} 

7 



13. W 

4AM 
fkt. Hi, 


.' 

1.WJ0 

,SZ. E J 

43. U 
SO- 1 s 

Sn " 

.. 

"" T 

1 

J*- 

SL77 
it, 10 

""" 


3. 2£fl 1 

iA H 


—.-. 

i. IW 
■i. 5Ki 

£6 -Vi 

53, 

62. S(i 


1.BSC 

■V!, 




6,T3i 

H 31 

53. 7T 

j 

t'-irri 


7, WO 

60, tl 

i4. IS' 

I^JTi ---- --*- 

f 

W. <1 

if. 77 

1 4£C" ___........ 

■3,350 

(1. +6 

55- 'if 

t* V30 ..._— 

1ft, J+G 

fl2. 07 

63-W 

60. 6* 

54 M 

1 __ __ 

1L115 

It 

sew 

56- ® 

r ... .. 

W.GS0 

1 Bftf . . . . 

IJ.B94 

I'anr. 


S3. TM 

£4. IQ 
W.62 


1 T ■*- . ■ ■ T 


It,170 

57.23 






GADOLmnjM AND ITS COMPOUNDS 
Element, Gd (c) 

£*= 15.83 e,tE EJ*n 
Af.P.= 1,523° K. (157} 

Atf*—3,700 calories per &tf»m 

EP.-3,000" H- {1*7} 

Af/r=72,000 calories per atom 

(estimated (J 50)} 


T. * X. 

Hr-Hm. 

St 

(Fr-Ff*) 

T 

sat .... 


LA S3 

14 83 

400 . .... 

(730) 

[is. m 1 

<14 M) 

SB ___ 


(10. M.J 

(14 TO ) 

ecc_-____ 

{2,300} 

(20. 98) 

LIT- 3D 

w....—._ 

awn 

izi-13) 

(17. B> 

«o .. 

(3,7005 

(22 14) 

(It 51) 

HDD....... 

(f. 4W'i 

(34,05) 

(10. 07) 

1 000 ....... _ 

(4,27(11 

(2*. K) 

(ISLS2) 

NIQO.... 

(Q.peo-} 

(25 «) 

(SL 13> 

1,200 ^ .... .... .. - 

{4.00) 

£24 37> 

(20.61) 

1,300,.... 

(7,740) 

(27. 06) 

(It-M) 

L,4M,___ 

],JGD -..... 

(4 500} 
(0.48C: 

(27.53) 

m .») 

(21- 53) 
(23.371 

l r «B.. 

[14.070) 

(3i. in 

(ZL37> 

l.Tog _____ 

(H.STQO 

:u,fi70) 

(31- «1 

(22. 9 D 

ijoo._... 

(32.12) 

£23, tn 

i.saj,.... 

(16,470} 

(32. 55) 

[33. 

J r 0OO........ 

i it, ro> 

(33.95) 

(24-32) 




T, ■ E. 

Hr- Hwt 

4.J^r 

AJ'r 



(-370. WO 
( —■ J70 D001 
(-37*. nooi 
(-372. O30) 

,(-3(51.000 
(-340,000) 
(-119.000) 

(-3M3.50O 

.... 

SCE! .. 

amci 

(37, ODD) 

(JLrecs 

1 (r)t? ........._ 

i ioo ..... 



Gadolinium Trichloride, GdClj (c) 

Allh*= —240,060 calorie! per mole (1S7) 
£.*=34.9 t.u. {127) 

Af.P, = fi32 D K, [tff) 

iffv= (7,000) calories per male 

RP =0,550*) K. {€) 

AM f = (45.000) calories per mole 

Formation: Gd-h3/2Cl,—— --+GdClj 

{estimated (11)) 


TP X. 


Alir 


. 

.."(40CO) 

-340, I® 
(-23S.0O0) 

-323,000 
(—311, (KK) 
(-is&,a») 
(-170. aoo) 

, ,. 

1,000..... 

(IS.000) 

(a oo0) 

(—235. 500 

l tfG 

-,222. 000) 



_ __—- 


Gadolinium Tribiomide, GdBr 3 ( c ) 

— l78 r OOO calories per mole (11) 
S™=*{46) ! «■ UD 
Af.P.-l,(H3 a K. {*$) 

A/J w = (B f 000} calories per mole 

B.P. = (l f 760") K- (5) 

AHr “ (44,000} calories per mote 

Formation: Gd + 3/2Bii--——*GdBr a 

(estimated (11)) 


r,' k. 

Hr-Hm. 

aiJr 


2SS ... .. :. . . 


-1T3.0OC 

(—171. SCO) 

100 ....-- 

i T an ... 

l ,sk . . 

pFr 

III 

(-139.000) 

i- 173. 000} 

(—161. SdOI 
{ — 1ST. HB) 
(-na SCO) 


1 



Gadolinium Triiodide, Gdli (c) 


Digadolinium Tri oxide, Gd 3 Oj (c) 

AHh*^ — 433,940± &GQ calories per male (55} 


Gadolinium Trifluoride, GdF* (c) 


— (— 379,000) calories per mole (5} 
St*=(25) t.M. Ul) 

T.P.= l, 2£0° K. (IS) 

Af.P.= l,65C* K. {29) 

AHir= (8,000] calories per mole 

3.F,-= (2A5C“) K. iff) 

($0,000) calories per mole 
Formation: Gd + 3/2F*————-*GdFj 
(estimated (J/)) 


A HW- -147,000 calories per mole (/ 1) 
S*-(46} e,u. 

M R=U99° K. (55} 

AHw— (10,000) calories per mole 

B.R-(Ultn K. m 

AHr= (40,000) calorie* per mole 


Formation: Gd -h 3/21*-- —►Gdlj 

(estimated (/0) 


r.* k. 


7» . 1 

4X.- - i 

3,000 . . 

l.JCO,.-....- j 


a moil 
iia.ccDf. 
t+4.D»jj 


*147.000 \ 

1-laa.tfJOil 
' 1-til. 000} t 


f-l*4,U£J 

i- Hii.au; 
i-hi ucxo 

[-89 EUf] 


AF h FREE ENERGV of FORMATION, h«l /?■ 


heat content, he at-of-format ion, and free-enercy data 

Digold Trioxide, Au 3 Gj (c) 


AjF/’m—{ — 500} calories per mo!* {fit 
^^(31} <,«. (»4) 1 
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J-l 

ld^/ ir _ 

0- 
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o- 





0- 
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■A i4f 


L - 




Formation: 2Au4-3/20j- 


(estim&ted (&j)) 


-^Ali 3 Oj 


T r -X. 

Hr- h m 

LHj 

AT\ 

?OH.... 


(-SDD) 

-iso: 

l+KU) 

{ta iso) 

tfX) _ ...-_ 

(ism) 

Vr ... 

a cm) 

(2i, 1QC] 
(.31 i30|< 




Gold Fluoride, AuF (^) 

&Hm— “18,000 calories per mole (If) 
£*= (23) t.u. (11} 


Formation’. Au + l/SFj-' 


■*AuF 


(estimated (II)) 


TEMPERATURE., " K- 
JiaoKfi £0.—Gadoliaiam. 

gold and its compounds 

Element, Au (c) 

£*=11.32 e.u. (57) 

M.P;=* 1,536° K. (S*) 

AH M r=2,955 calories per atom 
flJ\ = 2 t S80* K . (ISO) 

AH r ^ 77,540 calories par atom 

Zone 1 (e) [298®-1,336° K.) 

C. = 5,fl6+1.24X 1D-T (SX) ^ 

hZ 2 Zt$&± sise tL r-oeax t 

Zone li (0 (i,336°-i,6oo° k.) 

C„=7.00 (fl*) 

tf r _//x=530 + 7,0OT 

= 530-7.00 Hn T+34,1 7 1 


7V'X. 

Hf-Hm 


AFt 




(-IA ICO) 

i3b»’I"DG—-- 



(-11.500) 

(HUM) 

(—11, M0) 

[-3, cog) 


Gold Difluoride, AuF 2 (c) 

(—57,000) calories per mole {11) 

3*= (28} c.u. an 

Formation: Au + F!-- ►AaFj 

(estimated (H)) 


T.'X. 

Hr-Hi* ! 

ah; 

AF\ 

-- 


(-JI,O00) 

(-47.400) 

(-«,i00) 



(-54, wn 


r, *£, 

Ht-Hwh \ 

St 



1L 32 

3S8- 

hIQQ__ .mmwPm-m — 

cis | 

13.13 

Kc_........__—,-- 

1.245 1 

14. M 

flK)..... 

\,m 

14 65 

Top........—- 

x 430 1 

16- 6T 

IqQ__...___ 

1 ISO 

17. B 

SCO- __it _-_-*■ 

3,as- 

IB. 22 
19. M 

1 000 .-... 

4, M0 

Jli^ .... 

4220 

19. IE 
30-12 

l[3D0"...- 

4 23C 

1,300- --—--- - 

4W0 

2D, 90 
13.54 
34.12 

I 400 -...n -. 

10, 35C- 

.. 

U. 330 

['«X* ____ ...... 

11.730 

14.57 
(21. Mr 

(15-K) 

(i4m 

11 (26, 13) 

I 

LTDO.... ._-_- - 

(13,00) 


(13,130) 
l (14 s»: 

1 r^OC... --- 

1 pm „... 

jCcCO,-..—.. 

(14 330) 


Gold Trifiuoride, AuFj (c) 


AHm={- 100,000) caloric per mole {71} 

5 *= (38} s-u. iU) 

M'F- = (1 ,000°) K, {B) 

Formation: Au+3/2F,--'AuF, 


[Ff—H p|) 


Ur HU I i 

(estimated (JJ)) 


il» 

n.» 

1143 
13.06 
U.M 
tt&4 
R J! 
If. ») 
liF 
UTS 

la a 
ULT7 
17.34 
417. ca} 
(11 10) 
tii. ail 
lap} 


T, * X. 

Hr-Hm 

AHt 

iPr 

— 


' (-100, K») 
(-«. 600) 

(-«. 200) 

2flS. T -— 

ioj--—- 

"■“'"iiTmoi 

(^77 f SOU) 


Gold Chloride, AuCl (c) 

--^8 r W0 calorics per mole (JJ J ) 

S*=(^4) e.u. Ul) 

B P =(l r 600 D ) K. 45} 




































































































































































































































TTTE R MO DTK AMT C PROPERTIES OF fiS ELEUEKT6 


4. 1 ; 

T* * 

tir-Hm. 

AlTr 

At; 

^*a . _ __ 


-t«0 
(-7, 600) 
(-3.BCU) 

i-4.asMl 
f-i. «0> 

soc ...... 

[3, QDO) 

Hi. at) 

1,000,,- ... - 



Gold TnLiomide, AuBr a (c) 


= — 11,000 -calorie* per mole (I/) 
£m=(M) e.u. (U) 

Decomposes {ff} 


Gold Diddoride, AuCl- (c) 


Formation: Au + 3/2Br a --*-AuBrj 

(estimated (J/)) 


i#U=~18,lCN3 calories per mole {Ilf) 
S+r*= [35) e.u. (11) 

Deoompo*«= >460° K. (ff) 


Formation: Au + Clj-^AuCI; 

(estimated (11)) 


T, * K . 

1 

? 

i i 

X 

zHr 


3fl|.... 


^11 OOCi 

(-T, HOC) 
(+J,30O) 

«P.. . 


(— 1A 8Q0J 


T. * K. 

H T ~Hm 

ah; 

af; 

M..„. 


ioo 

( — 17.300) 

(-9, 5001 
{-K OOP) 

500..... 

lAOOCO 



Gold TrLcKloiide, AuClj (c) 


— 2S r 300 calories per mole ( 1 /f) 
Sm^USJ *.u. (ff) 

Af.P-Ml 4 K, (ff) 

K. 

Formation: Au + 3/2Ci a -+AuCi a 

(estimated (2/)) 


T m 

Hr-Hm 

JLfTf 


a.... 


- m 

( 

K 0 -,.. ... 

(AEK 0 ) 

(-IT, 100 ) 

(—A wo) 



Gold Bromide, AuBr (e) 

“3,300 calories per mole {Ilf) 


Formation: An4-1 / 2 Br a -*AuBr 

(estimated (11)} 


T. * K. 

Hr-Hm 

ah; 

a/; 

a _ 


_ i j® 


a®... . 

fl,000) 

(->»i 



Gold Dihromide, AuBr a (e) 

“5,550 calories per mole ( 11 ) 
^Sm=( 39) c.n. (Jl) 

Decomposes (ff) 

Formation: Au + Br 3 -*AuBr a 

(estimated (11 )J 


Gold Iodide, Aul (c) 

AHm - +240 calories per mole fli) 
5«-(28) e.u. fill 
M.P,^ (1,600°) K. (ff) 


Formation: Au + I /2 I 3 — -^AuJ 

(estimated ( 22 )) 


T, * E. 


AWf 

&Ft 



340 
(-a.OOQ) 

C—4C01 

i+*»S 





Gold Diiodide, Aul 2 (c) 

tP/ki— (+ 6,900) calories per mole (II) 
5m-( 39) i.u, (J/) 

Decomposes (0) 

Formation: Au-bl 3 ----*AuI a 

(estimated (11)) 


r, 1 x 

Hr-Hm 


at;. 

» 


(+a »o) 

f4AW0> 

(+i,oco 

100.._... 

{4.000} 



Gold Triiodid©, Aul* (c) 

(+8,300) calorie* per mole (If) 
Sm — (50) *.u. (11) 

Decomposes (5) 


Formation: Au + 3/2l r -»AuIj 

(estimated (/J)) 


T,'X. 

Hr-Hm 

ah; 

at; 

M 



f-tlOff) 




tlllXj 

(+3, l«f 


T. * E, 

Hr-Hm 

A Hr 

AT r 



(A KOI 

r+t do) 

U.... 

(i.roo: 

(-13,000) 

(+9. SCE) 



424 


TIE AT CONTENT, IIEAT-OtVFORMATIQN', AND FR r r-r\-r- & 

^ L n C Y DATA 



FiQtrnE 21.—Gold. 

HAFNIUM AND ITS COMPOUNDS 


Element, Hi (c) 


5m =13.1 t.u. (83) 

Af.F_=2 p 483° K. (85) 
aHm— (6,DOO) calories per atom 
£„P,= 5 r 500 G K. (7) 

AWr- 155,000 calories per atom 


Zone I (e) (298 0 -2 p 4S8° K.) 

C , ^ 6,00+0.52 X 10-* T(S £) 

Hr~ - 1,810+6,007+ 0.26 X l &*T* 

Ft- Hm” - l r S!0-6,00 TtnT- 0,26X10-*^ 
+ 27.167 


r. ■ K. 

Hr—Hm 

Sr 

{/i— Hml 

T 

®S, .. .. - 


111 

" 13.1 

400.. 


14.95 

13-30 

500 . ....... 

“ 1,330 


1170 

too ... 

i. geo 

IT, as 

14, 27 

TOO. „.™. 

1645 

15.45 

14. SI 

600 .. .y, : ,i 

1.120 

19.36 


900. .... 

1.0L0 

3D. ID 

15,« 


4.71D 

20-51 

It 10 

. . 

1. toe , , , 

S.120 

31.44 

14.64 

1, act . . . . 

) r 30fl.„..... 

fi. 140 
A 370 

h.k 

2S.il 

1A F4 

17, Si 

1,41X1,,. . 

".SsO 

Zl. 07 

77,55 

1, yvi......._ . _ 

A 3M 

E.50 

77.91 

1.500 .... . 

t, 130 

33.92 

1E.Z1 

l.TM___ 

9. £30 

34.32 

1A5A 

1,80C- .... 

10,595 
11.470 

94. T7 

1A 73 

1,KK _ ___ 

£5.03 

19-U 

10OC ... 

12.370 

71.il 

19. 31 

isao.._..... ___ 

OS. 440} 

(56.141 

(21. Mi 



K. {8) 

1 C c) $98M,80(P E.) 


-’HfO, 


Formation: Kf-f-Oj— 

Zone! ( 298 M, 800 ° K.) 

4C,=4.53 + 0-56X10-' T- 3.08 X 10>r-> 


M 

tl 


Sr 

dAfp 

2K. 




SCO. . 

1550 

3, L1C 

4. 9CO 

19 51 

-sis® 

P®. . 

7D0_ ". 

22.24 
25. 40 

-2S*,&j0 

-an, ia 

an. . 

fi. TOO 

2*. 13 

-364. aa 

9».. J 

1.0®_ 

------ 

1,200..., . 

L 510 
W.450 
12 , 350 
14.300 
15,250 

30.47 
32 Si 
M. E8 
3fi, 72 

— 364, SOD 
-364,200 
-261.150 
-2&3,«0 ! 

I.30C... 

3*. 12 

-263.100 ! 

l,«0. 

15, 330 

40.00 

-262 BCD 

1,500. . 

200 

41. i£ 

-^2300 

i r «n, , 

1,700-_ ‘ 

2c ir 

42 57 

44. 14 

-261, 6SD 
-HL.3J0 

1^00. 


45 M 

-26Q.950 

I.SCO,. 

, J® 1 

4EL S3 
{47. 751 

—360, iLbJ 

2,000.... 


£-259. 100 J 

2,SCO. 


[45-55) 

(-23S, SSI! 




£-254156] 


AF t 


- 21 E. 
-24*, 900 
-242. 150 
-S7, 

-2K,9» 
-22S.4SC 
-224, 100 
-2EH.7® 

— 211, 200 
-a*, wo 
-aos, tin 
-IK, 330 
-m.asj 
— IDO, 23C* 
-is h es5 

(-1*1.400) 
<-177,600) 
{-15G. fc») 


Hafnium Tetr a fluoride, H£F, (c) 

435,000) calories per mole (//) 
jS«=C35) e.u, (jj) 

5.P. = Up 2[>0 4 ) K. (ff) 

*■” (63,000) calories per mole 

Formation: Hf+2F*““- 


(estimated (11)) 



ATr-tfm 

hHf 

Af T 

2». 


£-455. CM1) 

{—412, 3«1 

1,000... 

£fi.KO) 
(Zl. 000) 

(-412 800) 
(-129.500) 

[-3K 500} 


t ’ . 


Haimum Tetrachloride, HfCI* (c) 

(—255,000) calories per mole Ul) 

£>£. = *3,6 e,u. (US) 

£,P, = 53Q a k, (0) 

A «j.*t^=(24 H 000) calories per mole 


Sons I (c) (29S e -485° K.) 


C 


31.47-2,38X10^^ {105) 

~ 10,180+31.47 r+2.3SX 10 1 J " 1 




















































































































































































THEBMODY?fA*IC PROPERTIES OF 61 ELEMENTS 


Formation: HI + 2C1,--—HTCU 

Zone I (298=^85'’ E.) 

AC ’ ~ 7 ' M’ tio+7 S3 "t- o' 22X 10- 1 ?■ + i-02XW7- 
^"^'6^7:17^7+0.32X10-^+0.5! 

r X lCH^-r 326.76r 

-"‘"•isa™ 


T, m T. 

Hr-Hiti 

AJIr 

AFt 



(-3M,mo) 

t-mw m 

I TO 

JbS- . 


(-254.140) 
(-261,7D0J 

1 - li *»| riU 1 

> 21S, 300 

.. 

6,«B 

(_3K.Cffi) 




r-iw, oeni 
[ — 130 OOC-> 

_ 

... 




Hafnium Tetrabromide, H£Bi, (c) 

aHU= (—210,000) calories per mole tfJ) 
5^(57) f.u, UO 
S.P.-SP K. (ff) 

AH»»u= (24,000) calories per mole 


i H60 
d. -ISO 
S ^2CXJ 

2 - -22o! 

o 

5 -240 
| -260- 
t -280 

o 

> '300 

E -520 

ui 

UJ -WO- 

Ui 

£ -3S0- 

u.' -300 - 

-400 

-420- 



JL- 

__... 

M ", 



^ Jmi 




_ Htl 

>■ 
1 y 

v- 



^- 

s —-— ,-i " 







t 






















y--" 

y 



y 

y 

/ 




1 ^ / 



-5 

/ 

r * ' 



1 


300 500 


(POO 

TEMPERATURE, * K_ 


Formation: Hf-f 2 Brj—■“— 

(estimated (JJ)) 




T,* T. 


aJf'r 

a/; 



(-mom) 

f-xn, T») 

w... 


(Acs®) 

(-20, TM) 

{-■ Ii7r K0) 


Hafnium Tetraiodide, HfL (c) 

—145,000) calorie* per mole (11) 

t. u. (II) 

5.P.«(700 & ) K. (ff) 

AH«n“ (28,000) calories per mole 


fTotraz 22.—Hafnium. 


HOLMIUM AND ITS COMPOUNDS 
Element, Ho (c) 

S*«= (17.77) «.U. (Iff) 

MR-1,773° K. (If5) 
a7fM=4.1QO calories, per atom 
B.P. = 2,&00 S K (1£S) 

A Hr=6? ,000 calorie* per atom 


(estimated (fS 0 )) 


Form ation: H f ■■+ 21 a - 


(estimated (I/)) 


*HfI* 


rt”*:. 

Hr-ffm 

4W? 

iK 

SCO.... 

KB..^.... 

7B.... 

^1} 

Hft... .... 


(-145, 0M1 

(-142,000) 

5SD...—-- 

1 poo_ __ 

SOD,............_ 

(6,000) 

(-117,700) 

(-137,100) 

l" 100 „„ 





.—^ 



Hnfniirm Nitride, HfN (c) 

iI/»= — SS,240 calorie* per mole (66) 
5** 13-1 f- Ur (66) 

6-Frt i=8l,+00 calories per mole 
Af.F.-3,580" K (9) 


l.«0.—. 

1,400-^_—-— 

1,(00..--— - 

1 , 700 -....--- 

1,800...-— 

t,WCi----- 

1.000_—.. 

X *00 ___—..*— 


(8731 
(1, KG; 

(1 7K) 

C4.CT1 
(tw; 
(S.TK) 
(a MO) 
(7.370) 
[1,300) 
(». Wl 
(1,910) 
(10, W) 
Ui. 7M) 
(1ft, SB; 
[17. M) 
(11 .Ml 


(17.77) 

f».TI) 

S .*H 

ft 

(23- ST) 
(ift.ift) 
(25.. 43) 

wanj 
<» w)> 

(zr.«) 

(38. 31) 

m>m)\ 

[». 51) 
(30.06)1 
(30.SO;I 
(33.41) 
(33. W) 
(1ft- 36) I 
<»■«)! 


HEAT CONTENT, HE AT-OF-FORMATION, AND FREE-ENERGY DATA 


' Hobnium Trifluoride, HoF 3 (c) 

&Htvi = — 370,000 caloric* per mole (£) 

5,*=C2fl> s.ti. un 
Arr,=JHio 0 k. (m 

A//« = (8,000) Cileries per mole 
B R={2,50Q D } K- (6) 
i/?V=(GO,000) calorics per mole 

Formation: -Ho + 3/2F,-—-* HoF i 

(estimated (1/)) 


Formation; Ho-f 3/2T 2 - 


(pstimaipj (//)) 


+Holj 


t, * r. 

Ht-Hm 

ah; 





-370.0CS 
t (-370,00G) 

1 (-367,0001 

(-362,50)) 

i 

;_3££,DO0) 

b,. ...* 

i!aoo" --- 

(17.000) 

TOKB) 

| 

!-3n'ooo) 

(-'aSpOco) 


Holmium Trichloride, Ho Cl; (c) 

4 ^= —233,000 calories per mole (5) 
5,.={39} e.u, (H) 

Af,R=9^° K. (£3) 

Afl[jf=t8,000) calories per mole 
B.P. = {1,7%Q*) K, (0) 

AH r = (44,000) calorics per mole 

Formation: Ho + 3/2Clj — " *HoCl» 

(estimated (Ji)) 


T, * K. 

Hr-Hm 1 


AFr 



-S3, 000 

(-H7,000} 

UV 


."U'MOi 

(—232,000) 

l-mooo) 

(-Z2ft, 500) 

Lai, 000) 

(— ist, fiOC) 

i nrVi __.... 

(19.000) 


......-......... 

(43.0001 



Holmium Trrbromide, HoBr 3 {c) 

A(—171,000) calories per mole (5) 
Si*={45> e.u. (Jl> 

M.P.= 1,192° K. (£9) 

A H if = (10,000) calories per mole 
S,P.-(1J40 5 ) K. (fl) 

(43,000) calories per mole 

Form at ion: H o+3 / 2 Br a .—-->HoBr 3 
(estimated (jl)) 


T. m K , 


Ally 

■ A Ft 

.. 

SCO. 

1,000. 

’ [-V 000! 
[[?!. fluj 
[ftft.OGO! 

(-U0, <XBi 
C-lSACffij 

I3S. 000] 

I {-]34. 5001 

1,500 

(-1451500? 

■ {—loo, siu) 

| (-62.500) 


T, 4 K- 

Wr-W^i 

4Hr 

AFf 



(-171,000) 
(-181,300) 
(-179,000) 
(-165, 000) 

TTTT 

||11 

jjpg j _ , __.......-... 

^ 5"P 

III 

| (HI _... ,_.... 

1 iDQ - — 


i 


Holmiuin Triiodide, Holj (c) 

AHfci=(-142,000) calories per mole (5) 

(,u. an 

M.p. = i 5 z62* K, (£8) 

&H m = { 10 OOCrt calories per mole 

BP.^fnSTO 6 ) K, (ff) 

aHf = (41,000) calories per mote 







HQ B' J 

H=5, 
















1 ■* H*l y 





)- 
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Or 

o- 

0- 

o- 

o- 
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k*Fj 
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\—p 
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TEwPER4TuR£ h * k. 

Fiouflir 23.-—Holmium. 

HYDROGEN AND ITS COMPOUNDS 
Element, (p) 

5^ = 31.22 e. u. (55) 

K. (150) 

&hv*= 28 calories per atom 
K. (ISO) 

±Hy— 2lS calories per atom 

Zone I (5) (29S°-3,000° K.) 

r _ 6 sa+0.78X IO-‘T+0.12X10*r-> («) 

H T ~Hm= -l,939 + 6.5iT+t 1 .39X10- i r‘-0.12 

y l|)i7 v [ + 

F.-H»--l,933-6.S2T( n T-0.39X10-'T’-0-0‘' 
Yiom 12,77 












































































































































































































THERMO DYNAMIC PROPERTIES OF fi5 ELEMENTS 


T. m K. 

Hr — Mm 

$T 

Efr- Nh) 

T 




si, n 

jit: 

400. 


m 

33 » 

3 ] V3 


L«S 

3*. E 

3101 

«J - - - - 

7W- - - r, 

^D a _ 

. - ‘ 

3. m 

36.09 
J7. IB 

SIM 
tL ]7 


3. SI 4 

36l J -J 

S3. 73 

POD. .. _ , 


A 224 

Si E 

S4. 17 

l.onn.. 


4, *42 

TH. 7L 

M- 77 

I l£D.„. 


v«ai 

40.3? 

IS. 15 

1^00.... 


tc 

40. as 

J3 .M 

] J00- . . 

f >r _ _ _ _ . „ . a , . . . 

7,1® 

41.57 

». ! i- 

L*DC.... 


T,MT 

41 JS 

K. 40 

]J00-.. 

’ ] ___ 

A. 570 

41 n 

3C. 93 

1 AT! 


fl.S7i 

43. II 

37. 23 


!C,27L 

U.« 

37-63 

1JDQ--- 


13, MJ 

44. 06 

37 « 

1 arm 


1I.U1 

44.44 

3S. 33 

a'.fflc... .. .. 

llw 

*A0S 

3a 6A 

2 fflO.... 

LB-. ST 

4a S5 

«. 35 





Water, H*0 (D 

AHfa = — &S,3l7 csJgries per mole 
Stm- 16 75 i.u. (8S) 

M.P. = 27116° K. [$4) 
aNv= 1^36 calories per mole 
B.R= 373.16* K. [24) 

AH r =9J7Q Cileries per mole 

Zone I (0 (29S*~373° K.) 

c,^ia,03(«) 

- 5,376 +18,03 T 

Zone II (g) (373 a - ^3 P Q00° K.) 

C p - 7 ,17 + 2.56 X 10-*T+ 0 08 X 10*T^ (82) 
Nr-Hm = + 8,280+7.177+ 1 28 X lO^T^-O 08 
X lO*! 1 ' 1 

Formatiou: Hj + 1 f20 t - - T 0 

Zone I {298°-373* K.) 

AC, = 7,95- 1,2SX IQ“ l 7+ 0.08 X 10* T“* 

-7D r 6Q0+7.957-0.64 X lO-*r*-G,08X 10* 7"' 
Af T ^ — 70,600-7.95Tin T+0-6-JX lQ-*T^ + 0 Ot 
x]o*r-'+9i.7sr 

Zone II (373 s -2 r 50Q° K.) 

^,= ^2,91 + 1,28X10"* 7+0,16X10*7"’ 

fl tf r = - 56,940 - 2,91 7+ 0 64 X 10^ - 0.16 X 1EP r- 1 

aF r *= - 56,940+2,91 Tin 7-0.64 X 10“' P -0.08 
XIO^'-S ,UT 


T t -X. 

Hr-H+t 

St 


*n 

W .. 


15.74 
47.0l 

-S.R0 

^S72£? 

«c .. 

11.345 

fiCT,. 

2X 174 , 

43- 3i> 

— 3A 


«0 ___.... 

?00.. . 

W.02* 
13. 910 

5C 41 

U tf 

-5A 500 

5A lio 
^5a»o 


14. Cl 


” y i® 

“Ij' 5? 

■h... 

ii nn 


^50 |{d 


1,000 . 

1,100 . 

1 Am. 

Utx . 

1A73J 
17,735 
IS. J98 
n.uc 

y ]Q 
1111 
5ft. err 
56. ST 

-w! 12*3 
-». JV! 

- 59. 5GC 

— ♦A Bo 

-45,303 
-44, MO 

— 41 900 

1,«0.. . 

iaoo . . 

»63 

- 70C. , 

-4AOOO 

i,*cc.. 

^ 045 



_ ^ JA3 

I.Jm,.. 

1.500 „ ."■ 

lwc, . 

1.WO. 

N, ISO 
23 335 
K,i10 

B M 

60.71 

6)42 

~<m 330 
-io,050 

-s an 

-li 950 
-3H. 400 
-JO, 050 

t,soo.„ . 

34*ZS5 

63- 73 

IS. n 

— K. I5C 

- K MG 

-34^400 


Hydrogen Peroxide, H 2 O a (Q 

*^7^=^44,750 cil&ries per mole (S3) 

S m = 22.35 e u, (£4) 

A/,/\ = 272.5° K. fof) 

A 77jk = 2,920 calories per mole 
ap. = 425° K. (94) 

A H y ~ 10,530 ealori« per mole 

Zone I {ff) (42;T o -T300° K.) 

lO.^S + a.OOX lO-^-l.SSX IVT- 1 [St] 
Jit- ^=8,300 + 10,437+2.50X 10- 1 7 3 + 1.68 
X 10 s 7-1 

Formation: H 3 + 0 3 -—*H;0 3 

Zone I (425°-l f 500° K.) 
aC+= -3,25+3,22x 10'‘T— J.4X 10* T 1 ” 3 
AH t = - 32,200-3,25 7+1.61 X 10- , 7 5 + 1,4X10* 7 ” 1 
aF t = -32,200 + 3,257 in T- 1.61 X IQ-^ + O 7 
X 10*7^+4.387 


T, * K, 

Br—Htn 

Sr 

aJi’r 

AFr 

2S6.. 


27 35 
a 92 

-*4,750 
-44, 750 

— 24,100 

400... 

1, 130 

-72. 600 

BOC'.... 

14, 460 

61.55 

-31 150 

—Hr. 200 

BOO. 

15, 6S0 

53 6* 

-31*00 

-17,600 

. 

17,030 

55, as 

-31450 

-1A9C0 

SOC. 

IS. 440 

67.76 

-33. BO 

-12,300 

SO 1 ... 

[S?A n 

69. 63 

-33.450 

-S.WM 

1,000.. 

23.4® 

7E.DS 

-33.700 

-a. wo 

1,100... 

22.9CO 

H.47 

-33,700 

-4,200 

LMO. 

24, 510 

73.93 

-so™ 

-l, BOO 

1AQC. 

3A 170 

7S.22 

-33,450 

+1. 3DG 

L4£D. 

7T. B-TD 

74 43 

-33,650 

16CC 

i.iffi.. 

29, 420 

77, 57 

-33,700 

a 500 

2 . 000 ..... 

(JB. 350) 

(S3, li) 

[- 32, 400) 

fl9, BCO) 

1,500.. .... .. 

[5C, ooc ;■ 

CBS, pen 

C—30.150} 

(SUM) 


Hydrogen Fluoride, HF (p) 

A/fn,— —64,2130 calories per mole (112) 

^41,49 e.u. (83} 

M.P.- 1901“ K. (112} 
aHm — 1,094 calories per mole 
B- P. =293.1* K, (112) 
aHt~ 1.800 calories per mole 
Zone I ( rj ) (29S°-2 T 0OG° K.) 

C, =6.43 + 0.82 X 10 _1 T+ 0.26X ID* T’* 

- 1,866+6.437+0.41X lO-^-O.JB 
X10*7"' 

Formation: 1 / 2 Hj+ 1 / 2 Fj->HF 

Zone I (29S a -2,OQO° K.) 

AC P = —0,98+0-21 X 1Q‘*T+0-60 x 10 s 7"» 
df/ T ^ -63,605-0,987+0,lOXlO-^-O.eOX 10*7~» 
**+= - 63,695 + 0,98 Tin 7- 0 10 X 10“' P - 0.3D 
X10 1 T 1 - 1 —8,457 


.4 

* 

fh-Uni 

St 


&r T 

2».... 


41. 49 

-61.200 

-64,520 

400 . 

710 

43 M 

-64.250 

— 64. 050 

BCE.,,,... 

1.W5 

45.09 

—64,305 

-sioce 

«E., LT .. 

2 .105 

4t IP. 

-64,350 

-65. 15fl 

To).... 

• I, BOO 

47. 43 

-64, 450 

-«. 250 

BO_....- 

1505 

44 36 

-64.500 

-«,3M 

SCO. ........ .. 

4.115 

4V 71 

-A4,rftq 

-65, 450 

3,000... .... 

4,915 

40.117 

-64.650 

-A5, 550 

1,100... 1 

1W1 

M. AS 

-64.7® 

1 -61 TO 

1200... 

6.3S5 

ai. 31 ; 

-64,SJ] 

-S 730 

1200.—. 

'. 160 

.M Wd 

-64 WO 

! 

1.60ft. . .. 

7. n9£ 

SI 4*1 


I -flllKTi 

1,5£»... 

L»4 

33. DL 

-fiA. DTD 

-A1V50 

1,630 .. 

9.4*0 

S3. 4B 

-a\ 100 


1,™... 

saias 

54 m 

-Ai, |ffl 

-«, IW 

3,K».. . 


54 <: 

-A4, inn 

-*«. 1741 

1,900 .. 

M.ftJT 

M «i 

- iv.-.. -j Id 

-ra. vtu 

2.CCC . 

I1KL F - 

55. 3i 

l 

- ^41 

2,MB .... ... 

Lift, TUI) 

(,Vi Ml 

, l - tt.v 4L111 

l - \A,. 46411 



HEAT CONTENT, HEAT'GF-FOIIMATION, and TREE-ENEROY DATA 


Hydrogen Chloride, HC1 (g) 

—22,063 calorirs per mole (112) 

$*m —44,61 e. it. (83) 

A/.P.= 158.5° K. (U£) 

A/f^=476 calorics per moli 1 
RP.-ISS.l* K. (lit) 

A^f^=3,S60 calories per mole 

Zone I (g) (298 fl “2,000° K.) 

C w = 6.34 + h 10X 10-* 7+0.26x 1 0*T - 3 (82) 
H t-H**= -1 r 860 + 6,34 7+0.55 X IQ-*7 1 - 0.26 
X 10 s 7^ 

Formation: l/2H 3 +l/2Ci 2 —-*HC1 

Zone I (29B°-2,000 3 K.) 

&C W =- 1.33 + 0.63 X 10’ 1 7+ 0,54 X 10> T~* 
AHt= - 21,500-L33T+ 0.34X 10^V - 0 54 

xio*r-> 

AF T = - 21,500 +1.33 Tin 7- 0.34 XlG^T 1 - 0.27 
x 10*7^-11.397 


T, 1 K. 


Sr 

iJJ5 



2se..,. . 

4 ft>.. 

73 6 

*4. 61 
*6. 65 

-saw? 

-22. IOC 


— 72, 750 
-=550 

.. 

1, ±05 

45, 21 

-22.300 


- 2 ?, an 

KB. 

7, LQ5 

49. 4ft 

-=.300 


-23,400 

7K)..... 

2,815 

50. 59 

-=,350 


-23.6O0 

Ba. . .. 

1535 

51. 54 

-22,450 


-73,750 

wo. 

4.T&5 

52-40 

-22,500 


-a«o 

1,000..... 

i 005 

53. IS 

-=.550 


-2<DO0 

1, ItB,. 

A 765 

50. 64 

-E,60O 


-34, 150 

1, 2W.___J 

6.530 

54.57 

-22.850 


-24. 400 

L3m...... 

7, 3! 5 

55. ifl 

-22.650 


-24,400 

1, *30. 

S, 095 

55. 7B 

-22.750 


-34,650 

1,5C3._....... 

A8O0 

56. S 

-27LSCB 


-2A7W 

1, 600.. L . 

1,7W.- .. 

9, no 
30, 530 

56, of. 

57. SJ 

-22,650 
(-= BP0) 


-2A9CC 

-25,000:1 

1,900... „ 

11.335 

57. 81 

C-22.SU0) 

j 

!-2^250J 

1, sog-... 

12 . 170 

56. i'j 

(-22, BO) 


'-25, 450) 

2 , ODQ. 

12. S95 

% 6S 

C-22.A50) 

j 

’ttWOJ 


T+ K. 

Hr-Hn, 

75?.. ... 


4ffi 

S». 

5tt 

700 . 

A®. . .. 

7W ; 
1.410 1 
7.1M l 
2,34-D 1 

no 

<! 315 ! 

L.ffiO .., 

i. WO ■ 

1,100 .... . 

S.S06 

1, HO . ... 

6.665 

1,300 .. 

7,470 , 

1,400 _ 

S.35 • 

1, S00.. 

9. ITS ' 

i„ wo . 

9 945 

3.000 ... 

(13. 475)1 


S T 

AH j 

*7? 

47.63 

-A «0 

-12.SOC 

49.63 

-13.650 

-12. MO 

*] 24 

- IX 7ffi 

-13.4M 

H.64 

-3 2 . nr, 

-13, MC' 

U--64 

-33. Ht 

-13. *50 

6f.63 


—13. Ai0 

55. il 

-12.000 

— tL l3D0 

55-31 

-13.0^3 

- Ei. 200 

57.06 

-■ ii C50 

- 14. 150 

57, 75 

-13. ICfl 

I -14.KC 

64.34 

-la. sa 

— 14.400 

»-Q0 

-13.13) 

i - 14, 150 

59 52 

IS) 

i — U, MEi 

60.1L 
(62.CTS 

31 

TV 

-14. 750 

1 1-14.950^ 


Hydrogen Iodide, HI (p) 

*^+4 — 0,200 calories per mole (ll£) 

Siw- 49,33 e.u. (S3) 

M.P.= 222.36° K_ (IJfj 
A,f/*r = 6S5 calories per mole 
a.P -237.S fl K, [lit} 

AWi — 4,724 calories per fnole 

Zone I (g) (29S Q -2 X 0G0 Q K,) 

C fl = 6,29 + 1.42 X I0-J 74 . q .22 x 10 3 T ' -3 
H r- ^ - 1,565 + 6.29 7+ 0.71X L0’3 p 22' 

X 10*7*"! 

Formation: 1 / 2 Hj + 1 / 2 I 3 -^HI 

Zone 1 (29S fl -3S6.S a K.) 

AC,= — L76 —4.92X 10 _l 7— 0 06X 10 s 7"* 

A/fr = 6,920+ 1,767 — 2.46 X 1CT* 7^+006+ 10» 7"’ 
aF t = 6,920 + 1.76 Tin 7+ 2.46 X 10’* 7^+ 0.03 X 10*7-' 
-32.97 

Zone II (3S6.S°^56° K.) 


Hydrogen Bromide, HBr ( 5 ) 

— 8,660 calaries per mole {113} 

S^ = 47.63 e.u. (83) 

M.P .^186,24* X, (US) 

&HH — l>7h calories per mole 
B,7. = 206.4 3 K. (112) 

&Il* = 4,210 calories per mote 

Zone I (s) (29SM ,800 s K) 

Cp- 6,25+ 1.40 X 10- J 7+ 0.26 XI 0 s 7“’ (82) 
Hm- - 1,838+6.257+ 0.70 X 10‘ J P-0 26 
XltPT^' 

Formation: l/2H 2 +l/2Br 2 -™—*JlBr 

Zone ] (298^331° K.) 

= - 5.56 + 1.01 X 10"*T+ 0.20 X ID 4 T~* 

AH t = — 6,98Q — 5.56 7+ 0,51X lO-*^ - 0.20 X 10 4 T^ 1 
AF — 6,980+5,5®TTftT—0,51 X 30' 1 P - D 10 
X 10* 7-'-50,87 7 

Zone II (331°-I ( 6pO° K.) 

1,53 + 1.0 IX 10 -* 7+0.38X10*7^" 

aH t = - 12,000- 1.53 7+ 0.51X10^ P-0 38 x 10* 7*" 1 
AF r = - 12,000 + 1,53 TU 7- 0.51 X IQ- 1 T» - 0 19 
Xio»J L ’E-i2 r i2 7 


— 6.57 + 1.03 X I0-* 7+ 0.16 X 10 s 7-* 

A^ r =6,530-6.577+0.51 X V0- 3 P-O,16X 10*7"' 
aF t = 6,530 + 6.57 71 ft 7- 0.51 X 10'* H— 0.08 X 10= 
-58.477 

Zone III (456°-l,500 Q K,) 

AC^-i+iJ-i.ooxio-^+o.iexi^r-s 
AH T = -800- 1,417+ 0-52 X10 -J 7^ — 0,16 X 10 s 7" 1 
A7 T ^ — SOO-r 141 TlnT- 0.52X lO -1 !"^ — 0.08X 10*7^ 
—-11.767 


Ti m X 


St 

AH} ! 

396. 


49.33 

+&.S0G • 

*00 ., 

7 to 

11.3a 

+3.&S) 

aoo_ 

1.410 

SJ.SM 

— 1, 45U ! 

— 1. SCO i 

ACC.. ,, ... 

7.125 

H 25 

H»,„,.. ,, ,. 

7.S55 

15.37 

‘ —1,550 , 

*00..,... 

3. 595 

56 36 

-1.650 

WO.... 

A 355 

57.25 

-1,70.1 ] 

1,000.. 

A SMJ 

5A07 

~L7W 

1,100 . 

5. 694 

5S.S4 


l.MO.. 

ft. 713 1 

&, 51 : 

! -1.750 : 

1,«0. 

7. 495 ■ 

60 IB ' 

-l.soo 

1, 4ff*.. 

1. 545 i 

i & rr 

-IS * 

1. SOP.. 

B. :52 

51. X 

; -1.750 

i.fiw... 1 

16.010 1 

1 61.ft: 

{ — 1.7J0j' 

1.™...! 

mat: 

52. 45 : 

7— L 750| 

i,no. 

13.565 

57. ST . 

1-1.750. 

1,900....,, ....... ,| 

IX SJ9 

60 43 

(-1. 750' 

2. OOQ. 

1 

13.365 , 

40 76 = 

. 

( — 1.750. ■ 

1 > 




+joo 

-]. zso 


U» 
4 +>J.' 

i UiUi 


















































































































































TTTT- RMQ DTN A3J1C PROPERTIES OT B3 ELEMENTS 


TV“JT 


Sr 

r 

&F w r 



13. 71 

-,£1.950 

-it 57C 

3*- - ■-T*- 


I*, za 

-filTCO 

— 37. {EC 

15..—— . 

x 

3. ^c 

is. n 

ZJLtTT 

—61430 
-43, EC 

-S3, AMI 

TCDji -_«* 

4.™ 

>S- n 

—S3. IM 

— 41. ICO 

4 r . . . . -r 

4,sas 

25uffT 

—E+M 

-S3,405 

fltC ... 1S .a P e- 

T. «C 

77. £2 

-S3.3B 

-4AS6C 

jB®___— 

A *30 

3A92 

-£i«D 

—47, ISO 

j'ipci,.. 

ID. 395 

30. 3! 

-S3, BS3 


ljco ... 

lL.-TD 

3L.13 

—63.000 

~C,5e£ 

t •HjD „. , — _ - . 

13. as 

31 iS 

-S3. SCO 

-aiso 

-"" 

] _ 

Riao 

33. E 

-S3.7SQ 

-40, tEO 

j’im . 

1$. w? 

JM.E 

-S3. TOO 

-ft.DSO 

j na . 

37, +M 

3G-M 

-63.SA0 

-J7.TO 


3^ $1D 

41 Qe, 

-«,aw 

— S4, SCO 

-30,ffiO 

liflDO __ 

% 140 

12 

—34, 730 





Triiion Tetmoxide, FeiO* fc) 


AHl*= — 2fl7„SD0 calorics per mole [£4) 

5^=35.0 e.u. { 83} 

T-P. = 90Q* K. (£4) 

AHr — 0 calories per mole 
M.P.= I h 870° K, {JO} 

A//* — $3,,OO0 calories per mole 

Zone I (a) (298 e -9G0° K.) 

C F —21,83 + 48,20X 10" J T f £T) 

Hr-Htn = -8,6404-21.83 7+24+OX lQ-'T* 

Zone II ( 0 ) (900M P 800° K.) 

C,=4B.O {£7) 

Hr- ff™= -12,0604-48.00 T 

Formation: 3Fe-J“20 a —--^FejO* 

Zone I (298°-900° K.) 

AC,— —2.55-5- 24.90X24.90 X 10" l T- 0-49 X 10* 7"* 
A// r = - 268^300 -2.55T+12.45 X HT' J T*+Q+9 
XlO*T-> 

Af - 268,300 4- 2.55 Xta T— 12+5 X 10^»T* +0,24 

X10* r- J 4- 73,07 T 

Zone II (000°-1,033° K.) 

AC*= 23.57 - 23.30X 10-*T-0.49 X 10* 7^ 

A// r— - 272,760+ 23.57 7-11.65X Itr' T' + 0.49 
X 10*7-1 

&F T = —272,760 - 23.57 Tin T+ 1 1.65 X IQ- l T= +0.24 
X 10*7-1+234,07 

Zone III (1,033 m, 179° K.) 

A C,^2+8-2 T Q0X lO^ 1 7+0-80 X 10*7-* 

AHr—— 262,950+2.487— 1.00X 10-‘P—0 80 
X10* T“' 

A7 T == -262,950 - 2.48 Tin 7+ l t D0X 1Q-'T*-0,40 
X 10*7^+89.387 

Zone IV (1 P 179M P €74° K.) 

AC P = 19.13-U.OOXlO- l 7+0 BOX 10*7^"* 

&H T - —277,000 +19. J37 1 —5.50X lO -1 ^ —0 80 

Xl0*7-> 

AF r = -277,000- 19,13 Tfn 7+ 5,5QX 1Q -J T* -Q 40 
X 10*7-'+ 162.627' 

Zone V (1,674^1,800° K.) 

aC f — 2,78 —2.00X 10 _l T+O BOX ID*7" 1 
57/r= —262,500 + 2.7 8 7 — 1.00X i0- , 7' f —0 SO 
'X10 i T-' 

AF t = -262,500 -2.78 Tin 7+ 100X 10- , T'-0 40 
X 10*7^' + 9l,07 


T. * K, 


St 

±n r 

&7‘r 

SH . . 


3AC 

-ap.SKj 

- iii3X 

40G., B 

i. w. 

14. 4J 

-W7.XTI 

—504. SOD 

scu_ ___... 

K23D 

X- 12 

-W, Sic 

—236. JCC 

SlM .. .. 

ROW 

«. 7J 

-i£, 3DC 

-its, 1W 

Taj... .... 

Rfctt 

T2.S4 

-2(4.000 

— BSE. acc 

ax .. 


SJ.77 

-an 300 

- 2R ax 


30, i» 

__ a is 

-2fi0.iK 

-197. DOO 

l^JCD . 

» 

K 24 

-2&3.SX' 

-IJB.MO 

l,im .. 

40,3» 

97. a 

-261,300 

-1&600 

E,TO.,, . 

M.9SO 

IDE. n 

-+03,000 

-t7£, »:■ 

. .,*J 

a; so 

io±.aa 

-30LKC 

-tfiAooo 

1,400 .. 

34.3SO 

IDS. 3D 

-261,000 

-WL. ]00 

IhK» .... 

S9,3id 

112.70 

-2K.900 

-154.000 

l.KK... .. 

a, iso 

ns. an 

-30. SOO 

-!4tSX 

t.TOC ... 

6c . V5C 

113. 71 

*-360,800 

-msx 

1^35..^ __ 

73.730 

121.44 

-360,5X1 

-183, OX 


Diiron Trionde, Fe 2 0 3 (c) 

AHm— —196,800 calories per mole {ill 1 ) 
&h—21 + 5 e.u. (Jif) 

TP, = 950* X. (£4) 

A//t = 1&0 calories per mole 
T.F,= i,05O“ K. {£4) 

A Ht = 0 calories per mole 
Decomposes^ 1+30* K. [£^) 

Zone I (a) f298°-95Q a K.) 

C,= 23,49+ 18.60X 10^7-3,55X10*7^5 f 84} 
Hr-H^= - 9,020 + 23+97+ 9,30 X 10-* 7*+ 3-55 

X10*T^ 

Zone II (0) (950 M ,050° K.) 

C^SS.O m) 

Hr—Htm= —11,980 + 36.07 

Zone III ( 7 ) (1,050M,730* K.) 

C,=31.71 + 1.76X10^*71^) 

-8+50 + 31,717+ 0-88X 1Q“* , T* 

Formation: SFe-b^/SO,— -—*FejG 3 

Zone 1 (29S*-950* K.) 

AC,-6 01 + 2 90 X lO^r-3.81 X 10* 7^» 

A^ r = -200.000+6.03 T+1+5X10- 3 7* + 3,81 X 10*7^ 1 
A F r = -200,000- 6.017^7-1+5X10^7*+1,90 
X10* T-J.+103.4 r 

Zone II (950 M,Q33° K.) 

dC+= 18-52— U.7X 10-* 7-0.26 X ID 1 7^* 

AHr--203,300+ iB.527-7.85X lQ- lJ n + 0.2S 
X 10*7 1 ~ l 

A7 r = - 203,300 - 18.5277*7+ 7.85 X 10-*T* + 0,13 
X 10*T-“+ 189.07 

Zone III (l p OSO°-l 1 J79° K ) 

ACp-o.n+o^sxio-r+o.eoxio*? 1 -* 

A H t = - 193.100 + 0,177+0.13X10’ 1 T , -0 60X 10*T-‘ 
Af r r--193,l00-0.l7m7-0+3xi0- | r*-0.30 
X 10*7^ + 60.077 

Zone IV (I p l79°-l J fi74 a K,) 

AC,= 11,27 - 5.74X lO-’T+G.&OX 10 5 T’* 

AW T = -202,600+ 11.277-2,87X l0“ , T'-0,60 
X10*T’ 1 

aF t = -202,600- 11.27 7fn 7+ 2.87 X 10-*7*-0,30 
X10*T‘ + 142.29 7 




HEAT CONTEXT, HE AT-OF-FORMATION, AND FREE-ENT ROY DATA 


Zone V (I,674°-1,730 5 K.) 

jC p = 0.37 +0.26 X 10-*7 + 0,60X 10* 7^* 

A // r - - 192,400 +0.37 T + 0.13 X 10^*7*- 0.60 X 10*7"' 
Af r = - 19*2+00-0.37mT— 0.13X l0-*7*—0.30 
X 10*^+61.37 


RTt-Wjh 

Sr 

ai/r 



' 21.5 

-IS6.300 
-196. tOG 

-177.400 

3*lki : 

29. 41 

-ITS. KM 

i,77D j 

3£. 14 

-105. 3GC 

-1&4.XO 

9.010 5 

aw 

-105,20C 

j -35E.3GO 

11,460 

47.35 

-1W.5CC 

-S52.3M 

15.130 

£2.25 

— 1B3, &£' 

-its, 20C 

20.02D 

AS. E4 

-1B3.DOC' 

-130. £OG 

24.KCi 

6L.Q5 

-IK, WO 

-134. SCO 

27.500 

W.IT 

— IK KO 

-12S.500 

30,ff70 

57. SO 

-IK 300 

-133. SX! 


TO. 01 

-IK SCO 

-114. BM 

17,&i0 

72:53 

-IK 500 

-Ill, soo 

4i, oro 

74.39 

-192,300 

i -105.3D0 

4< 540 

77. 13 

-161. WO 

—69.40D 

4a LOG 

■TO.J9 

-161.400 

-K7M 


1.0 

UOO.^.- 

1,300____ 

1^30. 

.. 

1200.. 

1 , 600 .... 

1.70&**.. 


Iron Difluoride, FeF 2 (c) 

jIHjm— —188,000 calories per mole (1JF) 
iSiw=20-8 e.v. {IS} 

A/.F. = 1,375° K. {6} 

A//jf= (8,000) calories per mole 

B.P.= {2+00 fl ) K. [6] 

aHv= (50 p 000) calories per moEe 


Iron DicLioride, Fed, (c) 

900 calori!*! per mote [f/2) 

Jm — 2S,r ti. (f5) 
iir.P. = 950 : K. (SS) 

A Hm — 10,280 calorics per mole 
B.P^ 1.299^ K. (J 12} 

AjHV— 30/210 catoriei per molt 

Zono I (c) 29S°-950° K.) 

C r = 18.94 +2.08X l0 -i 7— 1.17X tg n ’< 

//r-J/ !M =-6,090+l8.947+1.04Xl0-*r+l 17 

X 10 i T' ] 

Zorn II (0 (950M,I10° K.) 


C,= 24.40 {S£) 

H r - Hm = 81+00+24+07 

Formation: Fe + Clj-- 


+F&C1, 


Zone I (293°-950 0 K.) 

AC P = 6.75 - 5.0BX 1Q' J 7-0.92 X 10*7-* 

A/f r =-84,000+ 6.757+ 2.54X 10 _3 7 1 +O.92X 
Af r = -84,000—6.75Tfri7+2.MX10^T*+G+6 
X 10*7^1+75.2 7 

Zone II (950°-l,G33*K.) 

AC, = 12.2-7.16X I0-’7+D.25x 10*7-* 

AHj— -77,980+ 12.27-3.5SX 10- a 7^-O.25X 10* 7* 11 
- 77 r 9B0 - 12.2 77n 7+3.58 X 10“* 7 1 - 0.12 
X 10*7-*+105.577 


Formation: Fe + Fj-—->FeF 3 

(estimated (I/)) 


T. * E. 

Hr -ffm 

A^r 

&Ft 

5S,..,,...____ 


—lfiS,tt» 

(-1S7, 300} 

500 ... 

[J.50CJ 
CO. t»CJ 

C-197,44X3 
( — 15q, 7003 

f-ue, soo) 

f —133, 000} 

..... 

1 *00 .. 

(33,0003 

(-LA5,300) 

C-uasoo} 



T+ E 

Wr-Hj* 

St 

£lHt 

_ 


a; 1 

-41.900 

iOQ ....__ 

1,630 

34-77 

—81, 450 

K0.„_____ 

3.17LJ 

36. » 

-8:, 030 



a ii 

-80,470 

T0C_. 


aw 

-50. ILK 

gcc ... 

1 B,SM 

47. 91 

-10.090 

«r> . 

11,860 

50.32 

-79, 8SO 


24.4SO 

a. 5L 

-4B,3K> ! 

ijK'™™!™"” 

».63C 

l 

65.85 

—tt.OLO | 


AFr 


Iron Trifluoride,. FeF 3 (c) 

dH$« = (“235 T 0OO) calories per mole (Ji) 
5 m-(35}'c, a, UD 
Af,F, = l+iK) 4 K. (6) 

Af/v— (12,000) calories per mole 
£,F.= 0,600°) K. {6} 

A Hr = (40,000) calories per mole 

Formation: Fe-f-3/2Fj->FeF a 

(estimated (?/)) 


r, ■ E, 

Mr-Mm 

&m' t 

Afr 

J9S ,, .... 

* 

f-ss.floo 5 

C-232.9031 

(-W.W3 

[-215,4001 

[ — 21B, CCG-'J 
c—-3D7.5003 
t-lKMBl 
(- IK, 0003 

sw ... 

(&.00C3 

(ES.K301 

(4*.(joe> 

l.QOCJ .... 

1 3M ... .. 



Iron Tricliloride r FeCla (c) 

= -95,700 calories per mote (9S) 
S«,= (32.2) e,w, (136) 

A/.P. = 577 CT K. ( 13G\ 

Af/ V = 10,300 catories per mole 
B.7. = 592° K. {136) 

A//,-=6,020 calories per moie 

ione I (c) (298°-577° K.) 

C.= 29-56 {13$) 

f/ T _/j, n = -10,SSO + 29.56r+6:UX10 i r'' 

-,FeCl, 


Formation: Fe + 3/2Cli- 
lone I (29S 3 -577“ K.) 

aC,= 1296-7.19X10-*7-j-52X10‘r: 1 i . 

-I01,LM-li.9S7-3.59X10- , r' + s-S. 

x 1D*7- L 

a 7 t = -101 196 —12.96 Tin 7^ 3 .59 X 10~ 1 7 1 
+ 2.76X10 j T^ 1 + 142.07 


E=KKSfi.^Spi,S« 











































































































THERMODYNAMIC properties OF 6 5 elements 


T. * K. 

Ut -it* 

St 


a^’r 

_ t XJ „ „ - 


r : 


-TV. .Hi 

4L1I . -**-■ 

i ion 

» a* 

-tfi, im | 

— ?4, 

sr> ___ 

i. t4D 

*S.7T 

«r- 

-*«, AXI 


Iron Dibromide, FeBr 3 (c) 

(— 60,000) caidries per mole {112} 

Sn=w) *,u, an 
A+F.= 9 57° K. {6) 

Aff* = (9,000} caloties per mole 

B.F_=( +200 a ] K. [6\ 

A h+= (26,000) ca3urtes per mole 

Form st ion: Fe + Br r — ->FeBr 2 

{estimated (JO) 


Triiron Carbide, Fe 3 C (c) 

A f/j«* = 5,7£0 c&lgrica per mole (j?) 
S^=2V2 fr ii. (&fi 

TJ\ *453* K. (£*} 

A//r = l &D calories per mole 
M.F.= \,:>OQ a K, {82) 

Att*r—12,330 caJorice per rno!e 
Metastable above 2,0Q0 D K, 

ZoncT {a) (29BM63°K.) 

C, = 19.644- 20.00X 10 - l T {82} 

H T - - 6,7*5 4 19, 64 T+ 10.00 X 1G' J T 1 

Zone II (0) (463°-1,500° K.) 

C w = 25.52 + 3.00 X10“T (82) 

H r -H xm - - 7,515+25,G2T+1,50 X l0" i r> 

Zone HI (0 {1,5O0M,9OG & K) 


t. *r. 

Hr-Hm 

ah; 


m.„ t .. . 


-eo.ctn 

f --S4. a»j 

(-is, s»] 
(—2T.5P0) 

{- 57. too; 
(^sioooj 
(-3S, 0C0> 
(-». 6C0> 

MO.....- 

ijro.... 

RDD0J 
~24.\yxy\ 
IK, 000] 

]jm.. 


lion Tribromide, FeBrj (c) 

A Htm = ( — 65,000) calories per Tnole {11} 

*.«, an 

Af.F r = (500*) X. {8) 

AM* = (5 h 00G) calories pet mole 
B.F.—(900 D ) K, {6} 

A/fr= (20,000} calories per mole 

Forms tion: F e+ 3 / 2 Br 2 -—*FeBr, 

(estimated {11}) 


T. - t, 

Ht- Wh 

AH t 

af; 

3M.... 


(-fti.QDQ:- 

(-«. «D) 

MD_ 

..... 

(a.ccoi 

[-H, JCO) 

<-n.«co 


lion Diiodide, Fel : (c) 

Atfi*i= —30,000 calories per mote fff)' 

St *=(36) e,u. un 
k. m 

(7,0001 calories per mote 

B P.— (1,100^} K, (ff) 

A^ T = (25 r 000) calories per inote 
Formation: Fe+I a “^FeI ; 
(estimated (//}) 


T.*X. 

Hr-Hm 

AHr 

af; 

.... 


-5C.0M 

(— 30, Sfflr 

sen 


{ —t4 r DC01 

C — 2Sk 3CC "i 

ijttr. 

fst.ooo: 

C-s. a»: 


IJCD.. 

W.DOQ) 

(-S.4C0) 

{-*. 0001 


C,=30,60 {82) 

H r - J/» = + 74Q+3Q.G0T 

Formation: 3Fe+C--—^Fe 3 C 


Zone I (29S C ~463° K.) 

AC* —5-43—2,32 X 10 _l 7'+0.8l X 10-T-* 

AHr= + +530+ 5.43 T— 1 16X 10“» T* - Q.B1 X lPT" 1 
AF + 4,530-5.43 Tin T+1.16 X10" 1 T 1 — 0,40 

X iO i r“i+3l,«8T 

Zone IT (463M,033° E.) 

AC,^ 11 A 1 -19.32 X10- 1 T+0.81 X10*7-* 
iW r = +3,650+11.41 T-9.66XlO- , r-O.BlXlO i r- L 
AF T - +3,850 -11.41 Tin T+9.68 X 10-»T'-0.40 
xi^r-'+aear 

Zone III (1,033°-1,179 = K.) 

AC r — - 9.63 +1.93 X10~ 1 T+ 2-10 X10* T~' 
AHf=li,l30-9 r 6S7 T +0.99XlO“ 1 T*-2,10XlO , T^ ] 
Afr=s 13,130+ 9.66TlnT-0.09X W~*T*- 1,05X 10*7^ 
-78. HT 

Zone TV (l J l7fl°-l f 500° K.) 

AC, —7-00—7.0X 10"* T+ 2.1 OX 10*7^* 

AW r = — 1,000 + 7.00 T—3.5 X 10 -1 7^—2.10X10* I*" 1 

A/ r =- -IrOOQ-7.00T1 tvT+3,5X10-^-1,05X101^ 

+ 46.45T 

Zone II (l,500°-l,674 Q E.) 

AC,-11.95 - 10.02X 1C- 1 r+ 2.10 X 10* T" 1 
AH r -=7,34Q +11.95T-S.OI XlO^T 1 -2,10X10*7-' 
A? r =7 J 340- 11,9571nT+5 r 0lX i0’ J T»-1.05X lO 1 !^ 3 
+ 74.62T 

Zone III (1,674^1,803^ K.) 


AC,= - +4 - 1.02 X10-*T+ 2,10X10* T' 1 
Ajff = 21,700 — 4.47—0,51 X10- , T 1 —S.lOXlO^T -1 
A^r* 21.700+4.47 Tb T+0.51 X 10^T»-l ,05X 10*7^' 
-47.4BT 

Zone IV (1,803°-1,900° K.) 


AC r — —3.50— 1-Q2X 10-*r+2,lGX 10* T* 1-1 

aH+ = E 980“ 3.507 1 —0.51 X lO- 1 ^- 2.10X10*7" 1 

Af r ^6,9SO + 3.50mr+C,51XlO-*r-1.05X10* 7^' 


HEAT CONTENT, H£AT-OF-FOP.MATI0N ; AND FREE-ENERGY DATA 


r, ■ e. 

Hr- 

Sr 

AJ/r 

iFr 

SS4_ . 


34. 3 

+i,7S0 

6, 30C 

t.soc 

«0..... 

2, wa 

i'.. vi 

4-^CC 

30C,,..,...... 

1,370. 

38. *] 


1. MO 

toe.. .. 

t.390 

4i ST 

l.Oto 

4 1® 

7Ct.... 

11. 150 

4T.8C 

7. DCO 

r soo 

KB... 

1J.A40 

61. Si 

ATto 

i.&to 

BOd-- 

16. TM 

ku 

fl. 3(B 

l.XC 

1AW.-. 

13. 510 

57. ST 

A 100 

760 

uoo... 

ZL <3C 

to. 61 

3. <30 

4S0 

t r S0.. 

2S.+M 

64. 15 

2.300 

30d 

1.W0.... 

5S. J40 

(4 40 

2, 030 

10 

l.too.... 

31.310 

6‘. tO 

1,500 

-400 

l.VB. 

+..^0 

71. « 

13.600 

-650 


t9.7Q0 

73.S6 

13.430 

-=1. 150 

1,700 . .. 

it 760 

HI. El 

12,630 

-tow 

1AOO.. 

ii.soo 

63. 47 

1I.C50 

-1900 

].«B.. 

AS.S80 

Si. 23 

400 

-4 300 


Tetrairon Nitride, Fe 4 N (c) 


AM^=-2,550 calories per mole (f 12} 

Sn= 37-3 r.u. (7If} 

Zone I (c) (SOS^-^OOO 0 E.) 

Cr- 26 84 + 8-16 X lcr J T {82} 

H r - H* n = - 8,350 + 26.84T+ 4.06X lO" 1 ^ 

Formation: 4Fe-|-l/2Nr--* Fe*N 

Zone I (29SM,000° E.) 

AC, = 10,03 - 20.75 X 10"< T- 1.72 X 10 s T^ 1 
AflV= -5,200+10.037- 10.37X 10- 1 7’+ 1,72X 10*7^' 
AF r = - 5,200—10.03 Tin T+ 10.37X I0" 1 7"+ 0,&6 
X 10*r _1 + 73.477 


t, ■ a:. 

Ht-Hw 

Jr 


aK 

356 ....__ 


37,3 

-2.550 

+900 

400... 


46. 4 

-2.411 

+ L9GD 

300 . .. 

6. 

53.0 

-2 400 

+t 100 

too... 

*.230 

M- 0 

-2,380 

+4.150 

TOO.... 

12.VW 

63. S 

-2,970 

+5. too 

KM__ . - 

li&50 

57- S 

—3, Aad 

+6.7100 

BOG .... . 

19, 130 

72.2 

-4,330 

+7.KB 

l,OCU.... 

21570 

75-3 

-3.010 

+fls«0 


Diiion Nitride, Fe^N (c) 


AHj»= —900 calories Per mqte (Hf) 

S™ = 24.2 (iif) 

Zon e I (c) (298 1 T 000° K,) 

14 91 +6.09 X 10- j r {82) 

Hr—Hyu — - 4,713 + H.91 T+3.04X 10“* T* 

Formation: 2 Fe+l/ 2 N a --^Fe r N 

Zone I (298°-1,000° K.) 

4,64 - 8.62 X1Q^ 1 7- 0.S5 X10* 7"’ 
aH t = ~ 2,250+ 4.847- 4.31 X10~* T> + 0.S6X 10*7^^ 
iF r - — 2,250 — 4.84 Tin 7+ 4,31X 10’ J T*+0.43 
X10* 7-‘ + 41.7 7 


T. * E. 


St 

aHj 

af; 

?w 


2L7 

— 9EK 

1 too 

400......— - 

1,730 

S3 

-80C i 

3,«K- 

30C.... 

l 3C0 

St 3 

-740 i 

+. 750 

60).. 

4. 320 

36. r ■ 


A3J0 

TOO.,.,.... 

7,200 

30. 3 

-S30 

7, Otd 

600. 

9. 100 

a 2 

: ->,040 

1. ms 

600 ... 

11,170 

+4,4 

-1270 

! 9,330 

|.QC0,„.. - ...... 

13,240 

46,5 

| -1,600 

10. toO 



Figttiss 25.^trdD (a). 



Figures 25.’—Iron (6). 


At two 































































































































































■THERMODYNAMIC PROPERTIES OF 6 5 ELEMENTS 


lanthanum and ns compounds 

Element, l*o (c) 


^.= 13.64 t.u. USD 

/> = I 141 e K. 

^y-uw* k. w> 

A 2,790 calories p* r atom 

SP -i,5IS* K. 

= si ,000 calorics put atom 

Znne I (c) (298°-S00° K.) 

c .,#.17+1-SOXIO-'T [M _ 

„ oM_19]0+6.17T+C.S0XIG-‘P 

iSio-iiTn-T-o.Mxio-r+anr 
Zone II above 1,193° E. 

(estimated (/SO)) 


r.* k. 

1 

Sr 

r 


1 

13 iM 

13. Mi 

.—« - - — 


IS. K 

13-90 

3CG 

L.3S0 

17. ]S 

If- 4S 

S0C- . — 

J.HD 

IS u 

jJ 00 

fC£i » m■ - * 

im 

19. &5 

IS, S7 


1SK 

30. a 

lfl, 06 
(tft.n) 
(17.30) 
(17- Si) 

tia m 

(it7S> 

Soo 

(iWJ) 

(31. WJ 

I ooo„, _ _ _ aB ,, BP .... 

(i. Msn) 

(21.2«) 

|'|JW _- .1 .... 

(S S50> 

( 23 C2"i 

l‘gm __...... 

(V.3SJ) 

{2SHJ 


IS 

rscL ir> 

l’ ^05... .. ... .... —_ _ 

[JJ. 17) 

(19. S3) 
(19. 33 ■ 

(30. as) 
(3D ID 
(21.74) 
(ZJ-U) 

I’fiCKl .... , ____ 

pu *80) 

(JJ-730 

l'tffi _ ___ 

(K.SB0) 

(3tH) 

] TOO __^ ____ 


(H-TJ) 

I'jrti . ... . 

£U. 1») 

(20.1A1 

T'afii - .^... 

(K «0) 



(It 7®) 

(30. CO) 

. 


1 


Ddanthanum Trioxide, La 7 O a (c) 

^423^70 calories per mole (tffl) 

Sm =13.6 i.u. {109} 

AJ.P. = 2,600“ K. 

Zone I (e) (298^1,173° K.) 

C.= 28 BS + 3 076 X 10 -1 T— 3.275 X lO T 1 ” 1 (Jj 
Ht-Pj, = -fl.835 + 2S,S£T+1.53SX ID" 1 P + 3.275 
X 10^' 

Form a tion: 2 La + 3/20*-^—-—*LfiaO j 


Zone I (298 a ’i,173° K.) 

AC .= 5*78— 1.62X ICri’T 1 — 2-675X 10*7'"* 
ifl T = -431,120+5.787-0 81 X lO- J P + 2.675 
X 10* “P 1 

if T = — 431 , 120 — 5 . 7 STtnT+ 0.8 L X 10 ' 1 P+ 1.337 
Xip>T-> + l26.&87' 


Lanthanum Trifluoride, LaF 3 -(e) 

4■'395,000) calorics per mol* {&} 

£.u. ( 11 ) 

M.P, = 1,766* K. {S3) 

&Hu= (3,000) calories per mole 

£.P. = !2,60Q Q ] K. (5) 

{62,000! calories per mole 

Formation: La+i/2F a --—*LaF| 

(estimated (iJ)) 


xo .. 
1,000.. 
1.500. 


iFfr — Hm 



C-sw.im 

(4 .Wfli 

(-SBiSB) 

(17,000) 

{-am. kyd 

(32, HB) 

(-SM.ttG) 


aF't 


(-177,006) 
[-345,0®) 
(-Ed, 0001 
(-307.000;. 


Lanthanum Trichloride, LaCIj (c) 


—255,010 calories per mole (IS7) 
Si»=34,5 c.u {IS?) 

Af.P. = 1.135’ K. (£9) . 

&Ha = (9,000 s ) calories per male 
£,F. = (2 P 020 D ) K. (B) 

&Hr — f 44 jt) 00 ) calories per mole 

Formation: Lari-3/2Clj-*LaClj 

(estimated (IJ)) 


T.' K. 

Nr-Wm 



2 W_ . » 


- 243 ,W» 

-IS, 3 CO 

JMT! ^ ... 


{-W. 700 ) 

(- 277 . 400 ) 

I.MQlI--....- 

1 , 500 ..,-... 

( 19,0001 

(- 140 , 900 ) 

{ — 200 . 900 ) 

( 43 , EXD) 

(— 237 , 800 ) 

[-IK. 9 EB 1 


Lanthanum Trihromide, LaBr* (c) 

aHim-=( — 107,000) calories per mole (5) 
Sw.= f45) <.u. (If) 

M,P = I.M2* K. [29] 

(5,0001 calories p*°r mole 

B.P. = U,Z5Q a } K- (€) 

Atfr = (45,000) calories per mole 


Formation: La.-h3y2Brj 


(estimated (ZD'S 


-*LaBr, 


r, ■ x. 

/Jr-Ww 

aAfr 


M,... 

wo---- 

! r 00C.-----. 

1.W0----*>■ 

.'Imcos 

US. ooo: 
(43,0001 

I-lfT.Offlf 
(-213.300) 
(-217. 3») 
f-m 9oo: 

iiii 

TTTT 


T. 9 X. 


Sr 

an4 


2S5... ... ... 


13 ft 

-434. iKI 

^iOLtlX 

4CO... 

1,570 

19 7 

-caw: 

-390,1® 

4®... 

4,470 

ft) 


-3S4.5D0 

to... 

iru 

Cl 

-427. WO 

-Uft, BOO 

no... 

lUira 

IT. ft 

-427,300 

-36s, 300 

KD. 

1< S70 

41.7 

—477,060 

-seo.ooo 


17,570 

44. 7 

{-471,400) 

(-J51,300) 

uot:..___ 

JJ.S7C 

417 

(-431950) 

(-*41 «Q) 

U®-...- 

Z3,PC 

11,9 

(—435. TOO 

{-334.9001 

IJD0. . 

£37.(770) 

(wej 

(-430.150) 

(-!», 9®> 


Lanthanum Triiodide, Lalj (c) 

(-165,700) calorics per mole (J) 

(49) c.u. (in 
U P - 1,04a* K- (rSl 
aH*-( 8 , 000 } calorics per roo!e 

£LP. = ( 1.675*1 K. (5) 

A/fr = (40,000) calorics per mole 

Formation: J#n ^3/2l s - *Lai : 

(estimaLrii (fJ)) 


FREE ENERGY OF FORMATION, hcol /q. -mole 


HEAT CONTENT, HEAT-OF-FORMATION, AND TREE-ENERGY DATA 


T. * X. 

Hr^ Hn i 

AH* 

Aft 

B rBB .- 


(-161 7M) 

(-164, SB) 

Hfj ___ 

ti. 6ori) 

(-1B8-I®) 

( — 160, GOO) 
(-133.000) 
(-!». WOJ 

1,900_........- 

1 i® 

(IS. 000) 
[+4, OO0J 

(-1M ) 

(-173. SCO) 






Lanthanum Nitride, LaN (c) 

-72,100 calories per mole (US) 
— 11.5 e. ti. 

af D JH = -64 r 700 calones per mole 



m .. 

*30...,._... 

WO... 

MB...,-- 

7DC.. 

.-.— 

9QG .. 

(,DOO_ 

1,100__ 

IJtA -- ** — 

1 , 300 —.- 

1,400 - 

1,300.* 

—- 
1,7130 __ 

USB..- 

1,300.~ 

2,000..._..._— 




Sr 

(Tr-H-i 

T 

— 

SA 5 

ID 4 fl 

17 34 

15 49 
15.75 


1 , 33 A 

1 L 90 

15 , S 3 


2 , 015 

D. 14 

1 ft. 7 ft 

■«,r- 

1,730 

23 . 73 

17.53 


4 4 C 0 

24,14 

1139 


5 . 28 C 

24 . &4 

19 . 0 ft 


S . 960 
6,640 

25-65 
2 a 30 ' 

19 . 59 

30 . 3 fi 

__ 

7,333 

26 . 

20.79 


1 QH) 

r ,44 

2 i. a 

p .___ 

£. 7001 

£ 28 . 02 ) 

( 21 . 75 ) 


( 9 . iM: 

123 . 43 ) 

(»,«] 


( 16 . 110 ) 

Hi si) 

{ 22 . 60 


QO. TOT 

£ 29 . 30 ) 

( 22 - Oft) 

„„ T 

£ 11 , 410 ) 

( 29 . 67 ) 

{H. 341 
( 23 , u: 


{ 12 , 050 ) 

{X. CQ) 


{ 12 , CSC-) ( 30 . 34 ) 

( 24 . DO) 


Lead Oxide CYellow) J PbO (c) 

A/J 4 jm= -52,070 calories par mole (Iff) 

16,1 *.ii, (S3) 

MF.^ 1,159* K. {US) 

A# « = 2.800 calories per mole 

BP. — i,745 a X. (Hi) 

aHf —51,000 calories per mole 

Zone I (c) (29S°-1,000° K.) 

C.= 9 05+8.40X10-*! {SS) 
ffr -if i ;»-2 1 fl83+9,05T+a.SQXl0-*Ti 

Formation: Fb-H l/20y -*FbO 

Zone I (298°-600.5° K.) 

Ar __ _o 35-v 4 OX IO- 1 T4-O.20X10 , T-^ 

?£*~ _ SJ 070-0SST+2.0X !0-‘T=-0.2QX i0*r-‘ 

^ H F r T ZZU'mo+aTsTin r-3.oxio-r--o.io 

xio-7-<+33.3sr 
Zone II (600.5°-l,000° K.) 
a r - -1 33 + 5 00X lt^ l T+ O.20X T" 1 ' 

_ 53 070- 1 337’+2.95XIO-^P-0.20X10 1 ^ 

AHr— awin^TJ_n 10 


lead and rrs compounds 

Element, Pb (c) 


15.49 e.u. (W) 
M.F-^600,5 0 X. (BS) 

£lHm= 1.225 calories per atom 
£ £. = 2,024* X. (JJO) 

A£fT = 42 r 8SO calories per atom 


Zone I (c) (298°—600.5° K.) 


c*=^ 5 . 82 + 1 . 90 X 10 -'T( 8 f) 

H' r _Jf n ,= -l, 8 IO+ 5 . 82 r+ 0 . 9 SX 10 --r> 

/ 1 -hZ = - l|820- S .83 Tin r- 0.95 X10- T* 

■f 24.04 T 

Zon? II (I) (6O0,5°-1,3QO O K.) 

C,=e.80 (3t) 

S3£+5.80r 

jp^_jE/ l , = =-fi3.S-6.S0m7 , +28.1ar 

Zone III (1,300^-2,000° K + ) 


T,'£. 

Hr— 

Sr 

Aff* r 

ATt 



16,1 

- 52,070 

- 44,950 

™ ■ *■ ■ J 
■igj ___ 

iriw 

1 , 3*0 ' 

a,ftoc 

4.933 

19 43 

—ftl ,940 
— Si, soo 

—ioiico 

*OQ-~. —... 

«m—. 

700 __.- 

34.36 

26.4 

3 S -25 

-iiiioo 
— S 3 . ECO 

-J 7 .KB 
- 35.150 
- 32.900 
- 3 C. 60 

inti ____.... 

ft, 310 

— 51 * 450 

900 ..... 

\ flOO_-___..... 

7,760 

fl, 2 M 

29 . 95 

Il.fti 

-i\, 450 

S S, OOOJ 

- 28 . 2 W 
(— 36 . 450 ) 

I'lDO .....___ 

(10. scoi 

I---.— - 


{- 24 . 

l^jo!.... 

W®—.. 

1 , 400 ...-- 

_..._.... 

15 , 3 X 1 } -- 

( 15 , T 50 )|-—- 

( 14 . 4 M ) 1 .-. 

( 3 q,ioid;..,. 

(- C, 350 ) 
{-«. 750 ) 
{-* 6,3501 

(- 23 . 450 ) 
(- 20 . S 501 
(-ia 7 «! 
<- 16.6501 

1 , 000 .--.___■ 

( 21 . 650 ) 


: f_« sno'i: (— 15 . 1 WD 

1 , 700 .—.-.. 

j cja.aoo) 

1 .......- 

! 

| 7. 


Lead Oxide (Red), PbO (c) 


2,400 calories per mole (V& 
TpZltr (rad—-* yellow) C*4) 


250 calories per mole 











































































































































































































THERMODYNAMIC PROPERTIES OF fl5 ELEMENTS 


Zone 1 (ft ( 296 D - 762 0 KJ 


C.= 

Hr-H* i- 


ID 60 + 4,00X10-* 7 (£f) 

-3 f 33B+]0.eOT+2.0DX 1C -3 


T 1 


Knrtimtion: Fb + I/2Qj -+PbO 


Zoni' I (23S°-G00.5° K.) 



1 20 + 1.60 X 10-* 7+ 0.20 X ID 3 7^ 3 

- 52 770 4 3 20 T+ 0.80 X 10~ 3 T 3 - Q.2QX J 0 1 7"’ 

- 52,770-1.207 In T- 0-50 X 1 O^T 1 - 0,10 
XIV 7*' +32.77 7 


Zorn II {600,5 p -762 o K,) 

AC,= 0.22 + 3,50X10- 1 7+0.20X lO^T -1 
AH r = -53.730 + 0,227+ 1.75X 10- 1 P-0.20X 10* 7"' 
*/>= - 53,730 - 0.22 7 to 7- 1.75X10’*T>- 0.10 
X 10*7^+23.727 


T.*K- 

Hr-Hm 

Sr 

a/i; 

a/* 

w< . .., .,,., 


ii. £ 
19,11 
11.68 
21.22 
34 IS 

4 1 1 1 1 

-IS. 130 

-i^roo 

-S8, ion 
-IS. SCO 
-H.250 

-KM. 

SCO... 

KB..... 

TOC....... 

TlS . .... 

1,220 
116C 
3.7*0 
4.QCO 






Trilead Tetraoxide, PbjO* (c) 

A/Jfa= — 175,500 calories per mole {tlf) 
^™=50.5 e,u. (33) 

Forrrmtion: 3 P b + 2 G a --*Pb 3 0 1 

{estimated C?Z)) 


T, * SC, 

Xr-Hv 

nXr 

nr- 

2B“..... 


1T5, ICO 

-147,800 
[-13a. 000) 

400.. . 

(3 390 ^ 

(-17£, KB) 

300. .. 

(T,410> 

(—ITiHBli 

[-128,000) 

600___ __ . 

til. 170) 

[-174, KBl 

(-lit. 6(B) 

100........ 

0S, 1*01 

i-irr.KBV 

f- 110,00c?) 

ftM...... 

[50. 3T0) 

[-lla.waf 

(-100. KB) 

BOO.... 

[24. Jroi 

( —175,003} 

f — SL.OOQi) 

1.000... _ 

(II, JSO} 

[ —173. KOI 

[-B1, KB) 


Lead Dioadde, Pb0 2 (o) 

&H\n= ^$6,120 calories per mole (!/£] 

Formation: Pb-bO a -—-*PbOj 

(estimated (f^)) 


r+ x 


an; 


a>r 

298, 





MO. . 

MO.. 

Bfi.,. 

711'.. 

KB..,. .. 

«a... 

V000... ..- 

l. too_ _ 

(1, 8801 

4—as! sooi 


!—SiTaSi 

ia. WO) 

(7<K> 


I-+3. IOC! 

r ns) 

i-fii.soot 

1 

1-34,6001 

R 4101 

(- 66. ICO) 

* 

[-3*. DO0) 

(M90; 

(-64.000) 

1 

[-29, WB1 

[10,180) 

• [-U.500) i 

[—34, KB; 

(12, MO) 

(-68,00011 ( 

[-». Ml 

[14, 550) 

(-41. WO) | 1 

[-1A 000) 


i m 


Lead Di£luoride r PbF* (c) 

J 158,500 caloric \x r hiq3i> (/JS) 

^ = {29) r.u r {lit) 

M.P.= 1,097* K. f 6) 

AHm™ 1,B50 calorie* per moEi' 

BP.^ 1 J 5W 5 K. W 
A Hr — 3B r 340 calorie5 per mole 

Zone 1 ( 29 S*-l, 09 T tt TQ 

C,=lfi,M + + I0X HF’T (15) 

Hr- H*m - -5,100+16,50 7 + 2.05 X 10“* P 

Formation: Pb+F a —-*FbF 2 

Zone I ( 293 °- 000 . 5 s K ) 

AC, = 2.39 + 1.76 X !0> 7+0-S0X ID* 7^ 

AHr^ -159,000+ 2.397+ 0.83X lO^T*-0.H0X I0 i 7~ 
aF t ^ - 159,000 — 2.39 Tto 7— O.fiS X L0-*T*-O 40 
X1Q»7^+5U37 

Zone II ( 600 , 5 °- 1 , 097 ° K.) 

AC,= 1,41 + 3,66X10" 3 7+ 0.80X lO^P’ 
aI1t*= — 150,010+ I.41T+ 1.B3 X 10 -J P —O.SOx 10 1 P' 
&F t = - 16€ T 010-1.41 Tin 7- 1,83 X UF 1 P - 0.40 
X 10*7-1 + 47.487 


T. ' E. 

Ht-Hm 1 

Sr 

AN* 

*n 

SB___ 


29.0 ' 

-1M.S00 1 

1 -1.48,060 

*00...™- 

l,K30 

34-32 : 

— [ig. 100 1 

! -I44.su 

MC. 

1, 160 

36. *5 

-IS#. 250 ; 

; -ID.TOD 

600... 

4. *40 

41.74 

-1A7.+00 1 

: -157. SCO 

700... 

7. esq 

«- 76 

-158. CM 1 

! -1A4,K» 

VX .— - 

9.410 

47.36 

-1ST. MO 1 

- 111. 000 

too...-* 

13. 410 

49. i? 

-1S7,3SG 

-1IT,7M 

S.000... 

13. W 

81.68 

-1».«0 

—124.550 

i. m .... 

17.58C 

53. S3 

-1S4.500 

-lit, K30 

i.sm.. 

[27, «B1 

(64. OS 

( — LAI. 200) 

('10.UB) 


Lead Tetrafluoride, FbF* (c) 

AHi*=t —222 h 3t>0 calories per mole (lit) 
£™=(A51 e.u. (II) 

£,P, = 773* K. (3) 

Formation: Pb’rSFj-*PbF« 

(estimated (//)) 


r.' e. 

Hr—Mm 

AHl 

AFl 

T& ..... 


-232.300 

800) 

(-an. aw) 

1-iR3WI 

KM...... 

(A KB! 



Lead Bichloride, PbCIj (c) 

A/Jrn = — &5,&50 calories per mole [US) 
Stn = 32,6 c,u, (33} 

M,P. —771° K. {$£) 

AHit = 5 r 800 calories per mole 
RP.= l f 22T K. (3) 

AHr-29 f 604 calories per mole 

Zone 1 (c) ( 29 S°- 77 I° K.) 

c.- i 5 .%+ 8 -oo x id -r (* 3 ) 

Hr- I/w = -5 r 115 +15.967+ +00 X 1Q- J T J 

Zone li (£) ( 77 P- 9 GQ 0 K.) 

C f — 27.20 (g+) 

5,600+ 2720 7 


HEAT CONTENT, « EAT-OF-F0RMAT1QN, AND FREE-‘ENERGY DATA 


Formation. Fb + tl,-—*PbQ 2 

Zone I (29S D -6QQ-5 Q K.) 

AC,= 1.32 + 6.04 X 10- ] 7+ 0.68X 10*7-> 

AWt=— 86,280+ 1.32 7+3.02 X10 -s P-0.6S X 10 s Pt 
aF> — - ES.2S0- 1.327in7-3.02X lfl-'P-0.3-1 
XlO i P L + 48,2G7 

Zone II ( 600 . 5 “- 771 ° K.) 

A£\ = 0,34 + 7,94X1O-1T+0.BSXI0 J P I 
AH t = -87,240+0,347+3.97 X 10’ J P- 0.6SX 
AF t - -87,240-0.3471ft7-3,97 X10-*P-0,34 
X 10*^ + 42.47 

Zone III ( 77 I°- 900 Q K.) 

AC f =11.5B-0,06Xl0- ^ Tx0.e8Xl0 v P , 

A 87,750+11.587-0.03X10’^-0.63X10*7-' 
AF t = - 87,750-11.5871^7+ D.03X 10- J P - 0,34 
X lO i T^ l +113,747 


4C„= 11,74 +0,37 X10* P> 

A} i t= ”77^730+11-747—0.37 X 10* +i 
A7 r =-77,730-11.747ln7-0.lSXi07-. + ]1 g. or 


T.*X 


St 

XHl 

&FI 

20S-- 

*00... 

i.+nii ’ 
3, 910 
A»J1 

7,910 
14,4*0 
17,400 
(19.500) 

MS 

44. ?S 

*6.6e 

Si 25 
Si. 25 
H.23 
67. 4T 
(St. #0? 

— 70. 5C0 
^73.160 
-7K730 

- 73, WO 

-67.2JB 

-66,400 

-(£,2*3 

-59. ISO 
-1S.6S 

— 82. 20U 
-45, KB 
-45. XL' 
-42,500 
(-39. M) 

300_ 

600... . 

700.. , 

800— 

900.. .., 

UKO.. 


Lead Diiodide, Pbl 2 (c) 


TPX 


Sr 

AHt 

AF| 

se..,,.. .... 


J2. 6 

-85,8M 
-65, ISO 

-76,oa& 

-71.4® 

*00— 

1,RC 

XL 1< 

KB-.... 

8,S3C 

Moo 

12.40 
4fi. IS 

-85, QM 
—S4.500 

-67.900 
-64. UD 
-61.100 
-S7.SS0 
-i£,£S0 
[-41, KB ) 

“DC ... 

A W; 
IB. [M 

49. 46 

-85,180 
“78, 
-77.430 
(-78,4M) 

K ... 

SO. 07 

900... 

K.S&O 

U 27 

1, ooo._..... 

(31.400) 

(Ml 1) 



Lead Dibiomide, PbEr 2 (o) 


&H}* — — 66 p 2lU calories per mole (1 If) 
5m,=38.6 t.u. (SS) 

M,F. =761“ K. (S£) 

AHn =4,430 calorics per mole 
B.F. = 1,187 s X, (8) 

A Hr =27,694 calories per mole 

Zone I (c) (29S*-761° K,) 

Cb,= 1 B,5fl + 2,2Q X lO” 1 T (St) 

Hr- Hj*,— — 5,640+ 18.597+ 1.10X10" 1 


Zone II (0 (761°-900° K.) 


Hr" Hiu 


= 27.60 {3£) 

= “7 r 435+ 2T.607 


Form ati on: Pb+Br 2 ---> pbB r 3 


Zone I ( 29 S°- 33 l fi K.) 

AC^-i.aa+o.soxio-^ 

tH? *= - B4 t 930- 4.33T+ 0.15X 10 _I P 

-64,930 + 4,337^7-0 I5X HF*P- 15.627 

Zone II ( 331 °- 600 . 5 ° K.) 

AC, - 3,73 + 0.30 X10-* 7+ 0.37 X10 3 T ~» 

-74,975+3.737+0.15XlO-^P-0.37Xlt> l P> 
Af rE = — 74,975 —3.737l?( 7—0.15X 10 _1 P —0 18 
X10‘P' + 61.94T 

Zone III ( 600 . 5 Q - 76 I° K,) 

AC p = 2,75+ 2.20X ICh* T+ 0.37 X 10* P 1 
AHt= -75,940+2.757+1.10X 10- ] P —0.37X 10*7" 
A F -75,940-2.75TM7- l.iOx I0-3p-0 IS 
X10 1 ^ + 57.857 


A/Zist^ — 41 r 850 calories per mole (11£) 
5th— 42.3 ru. (HSj 
M.F.^ 685" K. (3S) 

AH u = 6,010 cuLiorica por m,olc 
B.P 1,145 s K. {tf) 

24,846 caJorie^ p?r mole 

Zone I (c) ( 29 S Q -eS 5 ° K.) 

C s — 1S.0G+ 4.70X 10 -l 7 (SPj 
Hr' - 5,576 +18.007+ 2.35X 10^P 

Zone II (0 ( 6 B 5 g - 800 ° K.) 

C t =32.40 (S?) 

Bt- 8,325+32.40T 


Formation: Pb + L- 


-*PbI 2 


Zone I { 298 “- 386 , 1 ° K.) 

AC T =2.59—9 10X 10^7 

AHr= - 42,220 + 2.597- 4.55 X 10" J 7* 

A F r =~ 42,220-2.59 T2n 7+ 4,55 X 10“ J T 1 + 15.72 7 

Zonal! ( 3 S 6 .l e ^ 4 a 6 ° K.) 

AC P = - 7 . 07 + 2 .SOX IQ ’ 1 T 
AHr^'^S.lAO-T.OST+l+DXlO^^ 

AF t = - 43,150 + 7.02 TUT- 1.40X 10" 1 7* - 36.83 7 

Zone III ( 456 °- 600 ° K.) 

AC F =3.29+2 80X 10^7 

AHf= -57,850 + 3.297+ l+OXlD” 1 ^ 

A F r = - 57,850 - 3.2971s 7- 1 40 X 10“* T* + 58.557 

Zine IV ( 635 s -SOO° K.) 

AC,= 16.71 

T AHr= -61,550+16.717 

AF r — - 61.550 - 16.71 Tin 7+ 150.87 7 


r f * e. 

f/r-N*. | 

£r 

AH * 

2SK_.. 

, ‘ i 

42,3 

- 4 i, sa? 

*00... 

2.016 1 

48 1 

-4S.7J) 

M. 

*,QK 

52 M 


60j.. 

1070 

K 31 

-51330 

7®__ , ■ 

14.300 

SB. 5? 

- 49 . 

SOD.. 

17.60U 

72. t 



aH 


-il, 

-il. 


-:e Xi‘ 

—tm. S*' 

















































































































AF, FREE ENERGY OF FORMATION, M /q -md* 


THEKMODTNAM1C PROPERTIES OF &£ ELEMENTS 



T, -F. 

Hr—fi** 

St 

' CFf- 

3« , ...,., - • 


aw 


4CC ........ 

BO 

tr 


gj: .... . 

1CH5 

11.71 


■Tl „ . , . . , . 

I.7S3 

!A0! 


Tft. . 

l,*i2 

It W 


®c.-.—- 

HOC.. 

t jm 


4.1U 

li. 01 



£, 

Ji- Si 
1«_ So 


| jqo t .... 

i. ZH 

17. 21 


i^co.. 

i, 913 

17.11 


ijnr,..... 

7. 5« 

1AM 


L«X' , ..—- 

1 S3] . 

ATM 
& K7 

LB- 

19. M 


L«D_..... 

1,™. 

1 yn . 

9. S4£ 

45,90] 

19.7B 
41.79 
UOa 


l.Wli.. 

2,000_-----.- .. 

4A3W 

44,897 

42.46 
41 60 



7.5! 
L 4 

I. M 
9 S 
10-44 

II , 0 ! 
1LW 
11 W 
11A: 
11 H 
12 . * 
11 76 
16® 
16 « 
ir. H 
HIS 


Dilithium Oxide, LLO (c) 

AH\h— — 142,570 calories per mole [7S) 

jSjm 3 —9.05 i.iir (T^) 

Af.F. — (2,000) 3 IL (|f) 

Zone I {c) (298°-1500° K.) 

C--14 J 939+&.0SX lQ~ i r-3.3SXlO J T' J (n*) 
H r = H,*=5,838 +14.939 T+ 3,04 XHr 1 P + 3,38 
X10*T^ 

Form a tio n: 2 Li +1 /20 a -->Li a O 


?ioubx £S.-—Iretd, 


LITHIUM AND ITS COMPOUNDS 


Element, Li {c) 

Stn = ^Iht.u. (Sf) 

M.P, = 453.7K. {34) 

Aff* —723 calorie* per atom 
B.P. = 1 ( M4° K. U JO} 

AHr= 32,190 calories per atom 


Zone I (c) (29a°^52 Q K.) 



ais+s+oxic-’T (5f) 

-1,313 +3,15 T+ 4,20 X10' 1 P 
— 1,313-3.15TlnT-4.20X 10" 1 P 
+ 16.&4T 


Zone II (0 (452-1,604° K.) 

6.935 - 0.078X ICr* T+0.36 X10* P 1 (54) 

Hr-H*n - -1,324 + 6.935T- 0.039 X lO^P-0,36 
XlO-T-i 

F r - H m = -1,324 - 6,935 Tin T + 0.039 X1Q" 1 P- 0.18 
XlQ*r-i+3S,l9T 


Zone I (29S fl -452° K.) 


AC»-=5.O6-n,22Xl0- | r-31&XlO‘r- s 
AHf =144,648+5.067- 5-61X 10 -l P+3.18 X 10 s T^ J 
APr=H4 f 648-5.€6mr+ 5.61 X 10-*P +1.59 
X l'>P x +BL.2Sr 


Zone II (452°-l,50O° K.) 


/fessss^‘K.«®SSssa™- 

Afr* 138,800 + 2,51 Tin T-2.87 X I0"*r» +1-95 

XI0*P‘ + 1S.&T 


T, ' K. 1 

Hr-iTw. 


AJfJ 

i f; 

sag ...._ 


9» 

-ItXirO 

-L5L9K 1 

-IIA6S) 

jcn . 

7, SOf 

LA 25 

-^1H IDO 

’ -114,7® 

—Hi. 
-111 M0 
-108, S00 

*w._... 

... 

7®. 

am..... 

9CG ■ .... 

i,9CS 

10.530 

12,430 

1 A3» 
It 270 

1A 79 
19. 91 
21 TO 
21 23 
27. 53 

— llA 600 
-138,500 
-138.540 
-J5S.4M 
—13*, 500 
^138,030 
-137,700 
-137, sao 
-136,900 

— 1JB, EA0 
-136, im 

1,000... 

1.1DQ.. 

IX». 

l>y: . . 

\t 337 
ac, 41? 
Zi . 565 

2ts;& 

39. AS 
li. u 

U.56 

1134 

— IGA 6CD 
-mi* 
-9fl,M0 

-95,450 

t,«]... 

l.COO..... . 

Ti.WO 

30,233 

| 37, 55 

i 3iS7 

-«.«0 


Lithium Fluoride, LiF (c) 


Zone III (p) (l 7 e'10°-2 p 500 0 K.) 

C,—3.93 + 0,364 X lO’ 1 T+12,04 X10* P s (54) 

= + 38,956+3.93 T+0.182 XlQ^P -12.94 

+ 38,956 - 3,93 TlnT- 0.182 X P - 6,47 

XltPP x -8.23T 


-146,300 calorie* per mole [//*} 
^8,57 t.u. {tit] 
tf,P.«=U20° K, m 
iJf^=2,360 calorie* per mole 
B.P. = 1,954° K, (ff) 

AjF/f = 50,970 calories per mole 


HEAT CONTENT, HKAT-OF-VQRMATION, A^D FltEE-ENEHOY DAjA 

lithium Bromide, LiBt (c) 


Zone \ (O (29S fl -l ,120“ K.) 

C T ^9. H + 5. L9X iO-'T 

// r ——2,954+9-147+2.59x10 P 

Form a l ion : Li+l/2Fj - —>LiF 

Zone 1 (29S°^52° K.) 

AC t =l.S4-3,43XlO-T+0.40Xl^P 3 0 40*10*7-1 

i -146,550 +1.84 T - 1J1XI 0j J 7 0.40X 10 

Af T =-146,550-1.847^7+1.71 X10- 3 P-0.20 

XI 0*P l + 33-53T 
Zone II (452°-l,120° K.) 

AC,»-1-94+ 5.05X10^ 7+0-04X1^ 

AM T =- 146,400-1,94 r+2-52 XIO^T*-0,04X10" 7 

AFU-14§400+1.94Pn7-3.52XlO- l P-0.02 

X 10*7-' +12.237 


T, " E- 

Ht-H™ 

Sr 


if; 



a si 

-na r SB 
-146,350 
— 146, SCO 
-145,700 
—146, 550 
-145. ISO 
-146. IDO 

-13D.8W 

40C...--- 

jyfi . 

hiis 

2, 262. 

11 .7B 

lti* 

-Itt'UQ 

KX\ 

3,462 

16 . 43 

^ 1 ^ anr 

3TO ... 

4,713 

lB-« 

J ji 1 

900 .... 

BOQ _ _ 

4 0 L 6 
7,370 

20.20 
21.7? 

I -HAS® 

I _ 1 VV| 

i o 6 d . 

9,776 

52.23 

—141. BCD 

^ ^^5 

new _ 

ie, 2 M 

21 . 66 
130. 57) 

1 

— 145 . S®0 

1 Tfl 1 

1 I 500 ,-- —— 

(18. WM 

j (—141.900] 



aJ/m t= — 83J20 caiorU'4 per mole (H) 

5trt- 19 e.«- (JJ’j 
MR = B25 e K. re> 

AK V =. 2,900 calorie? per mota 
B.P = 1,583“ K. (S) 

A H? = 35,420 calorie* per mole 

Zone 1 (c) (29S°-S25 a K.) 

C,= 11,5+ 3.02X 10 -, T (74) 

M T - H- m = -3,580+11,5 7+1.51X 10" 1 P 

Formation: LH-1/233** —^LiBr 

Zone 1 (208 Q -33I° K.) 

AC, = -0,2-5.38X1^7 
AffU- 83+20 - 0.27- 2.69X10^P 

~S3>20 + 0.2 n n 7+2.69Xl0-»P + 3.01 T 

Zone II (33l 3 -452° K.) 

AC ^3g3-5 38X10' 1 7+0.19X10*P 3 

- BS.B50 + 3.83 T— 2.69X 10- I TV-0.19X10‘7-> 
' - BSifiSO -3-83Tl7tr+ 2.69 X10*= T> - 0.09 

XUF7^ l +42-S3T 

Zone III (452°-SSo* K.) 

Ar -005+3 1X10^7+0.17X1^7^ _ 

A^:“_SB40O+0.D57+l.55Xl0->P+0.l7xpP x 

AF,= “85,400-0.05Pn7- 1-55X10 3 P+0,OS 
X10 1 7~ s + 20,457 


T.itViittm Chloride, LiCl (c) 

—97,700 calories per raole (if*) 

- S^=13.S r.u. {S3) 

M.P.=S87" K, (tf) 

Aff«r=3,20Q calories per mole 
B.P _ = 1,653* K. (ff) 

A Hr = 35,960 calories per mole 

Zone I (e) (298^887 0 K.) 

C,= 11.0+3.10Xltr'T’[7i) 

Hr— ff4= -3.429+ 11.0 T+ 1.70X 10-'T* 

-»ljCl 


f/L 


■ ^ 1 

| 



19 0 

-93,750 | 

400... 

3QQ bi _ , E -* 

2. M7 

2 59 
26.56 

-97‘ r S50 

yTi 

s.m 

27. 44 
5C.03 
! 31,37 

! (is. 9) 

(45,4) 

” 97 " coo i 

TO-._- - 

prf - 

5,240 

7 r Kfi 

-S 7 I 400 

(-K, MG)| 

1 QDO 

1 (12. TOO] 


(20, TOO) 

t " S1,3W) l 




-51. as? ■ 
-S0.5CC' 
-78,700 
-TS.WC 
—T* 0* 

-rs, an 
r—rck «oi 

[-M,fi0GS 


Formation: Li+l/2Ch _ 


Zone I (298°"452° K.) 

^3 44-5 03X10"* 7+0.34 XltPT- 1 _ 

± — 98,400+3,447— 2.51X 10 -1 P — 0,34 X 10 s P l 

__9g 40O-3.44T? Tl 7+2.5lXl0- t P-0.17 

X lO i P , + 38.767 
Zone II (452°-HS7 & K.) 

- - 0 345 + 3 45X10"* 7-0-02X10 5 P 3 
= -98,360-0 3457+ 1.72X 1^P-0.02X10*P X 
= _ 96,360+ 0.345 Tin T- 1,72X10"’P'-0.01 
X lO'T -1 +17,027 


&C V = 
aHt* 
af t = 


A (V 
AH r= 
af I'¬ 


Ll thium Iodide, Ul (c) 

AH'-a - -64 790 calories per mole (H£) 

Sm~{ 2 \) an 

M.F. — VL3* K. {6} 

AHv= 1.420 calories per mole 
B F —1+40° K, [tf) 
aH t = 40,772 calories per mole 

Zone I (c) ( 298 °- 7 i:t‘ > K.) 

/. —12 3+2.44X10^7(7^) 

- 3,773- 1 - 12.3T+ 1-22X10-r* 

Formation Li -F 1 / 21 j ' ->LiI 


r, * e. 

Hr-N*. 

St • 

Jfi6 , TE ..... 

.. 1 

n,% 

IT. 48 
20.2B 
22.63 
34. BE 
26.47 
31. 71 
W-6) 

m i) 

4 ®... 

at __ 

I, 343 

3.7S3 

AIM 

A i» 

II. wo 

(12,700) 
(90.7®) 

unn ... 

700..,..- 1 

8£_. 

9C0 . 

i.dno. 

1 S£i .. 




-87.THJ 

-r.soc 

-S8. LOO 
^97,i4C 
750 
-(TT.iSO 
—K 100 
{n-B. sso:i| 
C-®.B0Oil 


Zone I (29S 5 +$ti.S Q K + X 


-90, A50 
-*9, *0 
-E7. 000 

-auu: 

-S4 t <50 

-si en 
(-fll. SffU 
(-74. BOO) 


if \z 7U:»S~ 1:» III. T+5 X 95x’lO-T-H 


34.37’ 


Zone II t;i8li.S 0 - 452° K.i 


if \z - 63l7M - ols TTf-HlUxW* ^ +1 ° T 






































































































































































THERMODYNAMIC PROPERTIES OF 65 ELEMENTS 


h 


Zone II (451I°“7 l:1° K.) 

AC ^-0.^ + 2.52X!0 »r-0 36XlD*r- ! 
fw' -8ieoO+O.MT+l.WXlO-»T* + 0.3B x ICH7-' 
fl = - &5.600-0.93 Tin T- 1.26 X 10" 4 ^ + 0-1 5 
X IC^T -1 + 15,54 T 


SCO— 
•SCO.,, 
NC. , 


I+E2 

3. (182 

4, 04ft 
5,435 




[2E.QJ 
(34. S] 

(27-si 
{30.3;. 
{32. S Yi 


recr 
— S+, *00 
"50 

-66,™ 
-65, 450 


f-tl, 3C0) 
(-■&], J5Q1 
(-fll.COO] 
(- SO, BOCI 
(“flO.mc: 



temperature, *k. 
Figcbe £9,—Lithium. 


* Trilitbiuin Nitride, Li^N (c) 

“ 47,500 eateries per mots (?) 

$m~ 9 t.v. (?) 

Decomposes (?) 

Zone I (c) {298°-S0Q° K.) 

C,=11.73+23,00X10^7 [8S) 

Hr- H m =* -4,520+ U T 73T+n. 5X10^7* 

Formation: ahi+ l/2N 3 —->Li 3 N 

Zone I (29S Q -452 D K.) 

aC,«-1.05-3.71 X10-*T 

&H t = -47,050- 1.05 T— 1.35X10’ 3 P 

t— - 47 r 050 +1.05 Tin T+1.35 X lO' 3 P+ 26.35 T 

Zone JI ( 452 °“ 800 D K.) 

iC p = - 12.40 +22.72X 10'*7- 1.08X lCHT^ 

-47 t OOG-12.407+ 11.36X10 ^V + LOBX 10>T~ 
-47,000+ 12,107^7— 11..3&X l0-*7»+0 5^ 
X10 1 T k "«-;j7 57 


r. ■ k . 

Hr-Jr-. 

Si- 

4Kr 

A Ft 

j*. ..... 


9.0 

-*7,5» 

— ST. 300 

40C .. 

'£. OOC 

u.r 

- 4*. iOC' 

-3A. 150 

506 ...... 

*.wo 

I?. 7 

-i3, ISO 

— M. 100 

wo . 

6.KC 

24 2 

“50. ]70 

050 

?Q0.— . T ..... . 

5. J&D 

26. J 

-«.9M 

-2L WO 

300 .. 

is. m 

J2. J 

“{9. 570 

I 

-IS. ll» 


LUTETTUM AND ITS COMPOUNDS 
Element, Lu (c) 

S*. = { 11.73) e,u. {121) 

M,P.= [?M X) s ) K. (135) 

AH V — [4,600) calories per atom 

a.p. = [2,2oo°) k. am 

&Hy= 59,000 calories per atom 

(estimated {ISO)) 


% m K. 

Mt-Mk 

Sr 

{Ft-U rn) 
T 

.... 


(ILT&) 

(LI- 795 

im... 


(13, Sc) 

(13- 00) 

j™.. 

3301 

([J. 15) 

(11*9! 

Mia. . 

fi, OiSl 

(l€. 401 

(13. AS) 

7 W.... 

(2.7101 

(17. 47) 

(13. ttl 

60C.. 

(3.4251 

(IS.. 425 

tie 14) 

900..... 

(4, L5C1 

(19 261 

(34, ST? 

I..0OC... 

(£ S3G) 

(20. «> 

(15 17? 

1. ]»..... 

(5. 4SW 

(20. 7iY 

{IS. Ui 

i.aoo,.......-. 

(&. 430) 

121.«) 

(IB. 11) 

l.»0....... 

{7,210! 

tncB) 

(IS- 55) 

1,400. ___ 

CS. 010) 

(22.46) 

at*? 

7^W„.... 

(5.630! 

(23-25! 

(CT.37) 

L r ttO..„.. 

(&.S60) 

(23. 78) 

(17 15? 

1,™...... 

(10. 5UJ] 

(24. X) 

(!L 13) 

I.SOO...,,,_ . 

(11,3701 

CM. 7S>. 

(15.461 

1.900..... . .. 

(11,2501 

{25. Hr) 

{11. 821 

2.000. 

(IT., 740> 

{2S.D4!j (19 17) 


Lutetmm Trifluoride, LuFT (c) 

AHw*={ — 367,000) calories per mole (5) 
5n >=(m t.U. (Jl) 

T.P. =927* K, (f?) 

M.P. *=[1,455°) K, (£$) 

&H jr= [8,000) calories per mole 
a.P.^[2,500 a ) K. {?) ■ 

A Hr— [60*000) calories per mole 

- Formation: Lu + H/SF^- -HaiFj 

(estimated (//)) 


T. * K 


AHr 


M... 


{-367.000* 

(-H9. «M) 

.... 

.. 

(4. DCCM 

(-366.700) 

[ — 138.0001 

1,0M.._„... . 

!17 r DOO) 

i (-163.700) 

(— 309. DOO 1 

1,500. 

(32,MW;j (—159.2003 

(-3S3. 0W> 


Lutetium Trichloride, LuCL (c) 

— —228,000 calories per mole (J) 
5m =(37) e.i i. Ill) 

M.P.= 1,178* K. {29} 

A tin = (9,000) calories per mole 

B.F.= [1,750*) K, (?) 

A Hr—(43,000) calories per mole 



442 


HEAT CONTENT. HE.AT-0 F-FORMATION, AND FREE-ENERGY DATA 


Kornm(imi J . Lu +3/2PJ,-->LuCL 

(esliniRtcd (II)) 


Formation: Lu+-3/2lj-- —^Lnlj 

(estimated { 11 )) 


TV 1C 

l/r-l/n- 

1 

af7 


T. * K- 

r 

1 

*fl\ \ 


Jfl .. 

5DC_ 

l.rujo... 

L.MO... 

1 

.. -22P.M0 

i (S.yfK>:. I -2Ji, Itml 

(lo.nim*. i-'t&.tntn 
(43, (XXI |; (-2ta.4W)i 

{—STT.iOO] 

{-cnn.omi 

(—Jt4, Btl! 

{ —134, 500) 

•a* . 

-lOu. . . . 
I.u.f 


1 l 

s r.'-, L*«ij 

m.ipJO: 

(- liH. 

(-l. r c. yfii; 
00!?.! ■ 

(-131 0001 

1 - i 2 ’, uoni 
t—-r-i rtfl) 

x— -1. DOu) 


Lutetium Tribromide, LuBra (c) 

aHVw= ( — 154,000) calorics per mole (o) 
5r*= (44) c,u. (JJ) 

ALP. = (1,298*) K. (29) 

A Hu— (10.000) caloriea per mole 

5.F. = U,G8G*) K, (ffl 

aHy = (42,000} caloriea per mole 

Formation: Lu-F 3 / 2 Br 2 --—*LuBr 3 

(estimated (II)) 


T, * E- 

Ht-Hm 

Afll 

AFT 

2fi£..... 


(-364.0003 

(-1ST, MO} 

ao.... 

(A ®0> 

t- 174, SCO) 

(-346.000! 

1,000 

(31,000) 

{-371,9001 

(-311,000! 

l.ioq.. 

(ta.con? 

(-157, 6001 

(-104, 500) 



TEMPERATURE, *K- 

Ftcuat 30.—Lutetium. 


MAGNESIUM AND ITS COMPOUNDS 
Element, Mg (c) 


^7(5 = 7.77 (,u. (■?<?] 

A/,7. =923° K. {82} 

Alln = 2,160 calories per atom 

B.F.~ 1,393 s K. {112} 

a//v = 31,500 calories per atom 


Zone I (c) (29fi D -923° KD 

C fi = 6.14+ 1.50 X 10 _1 7- 0.75 X S 0* T' 1 {$2i 
W f -H™=-3 r l60+fi,14T+0.75Xl(7 a P*0,75 
XiO^T" 1 

F -2.160-6,14 Tin T-0.75X 10" J 7 S ^0.39 

X10* T~* +33,057 

Zone II (I) (923°-l,393° K.) 

C„ = 7.4 [13) 

= -440+ 7.40 T 

f T - -440- 7,407^7+40,27 

Zone III (g) (1,393-1,800° K.) 

C,= 4.97 (?r) . 

// r = 34.440+ 4.97 7 

f T - H m = 34,440 - 4.97 TinT- 2.47 


3BS. 

4GO ., . 



613 

8. 62 

7.f7 




L2M 

16.95 . 


.. 

TOO . 


*-! 

1,920 

3.4L5 

12. 16 ’ 
13.53 

tH" 

9. 49 

JfiC, 



1.330 

\i. 19 t 

1C. £H 
ID- 52 
11. 2C 

900.. 


.i 

4.06C 

t960 

IS. 04 

13. ifi J 

U»"i- - 

1,300’..... 

t am 


t 

7. 7 oa 

8. 43G 
8,980 

1 is- sr ■ 

19. 47 | 

20. 07 [ 

11. M 1 

12 43 
13. 09 

13 S3 
It 73 
17. H 
19.12 
20 6? 

(2E.7J) 
(52.92) 

l,KQ _ 

i,a». 

I,TO. 

l r 7t» .... 

1.800. ... 

1,900_ ■ ■ 

2.000..... 


:;“ j i 

41.4OT 

41.900 

41390 

42.590 

i 43. 27 , 

43. 6T 

I - «■» 

44- 37 : 


t 

43. 39D 1 «■ 67 

(43,S»^| (W.aTl 

(44.350) 148 m 


Lutetium Triiodide, Lul 3 (c) 

H;*,= — 133,000 cnlorirs p,'r mo If (5) 
Si*-(45) f.u. (JJV 
A/JP,« 1,323 s K [29) 

(11,000) calories per mole 
B.F. = (l f 480^ K. m 
A H r = (38,000 i c ;n I ori es pt-r in oh ■ 


Magnesium Oxide, MgO (c) 

yH’r* " - 143.700 calories per mole It 17) 
f.K. 1 S3 1 

M i\ K iiu- 

j/j M ■- 18,500 calorie* pi't mak- 
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THERMODYNAMIC PROPERTIES of *£ ELEMENTS 


Zone I <298°-2,100° K-) 

r b =10 1B+1T4XIO-»T-I^SXIC)*T“ (8£) 
u -n'V-Z WZ+ UUST+0.87 X 10“^ + IAS 
liT xio*r j 

Form a tion: Mg-H /20* *'M gO 


Zone I (298*-923° K.) 

*r ==046-0 26X10“ 7^-0.50X10*7“ 
( f*j; = ^i44ooc+o.-ser-o.i3Xin- i P+o.M'Xio i T-* 
__ 144,000-0,46TIn7 1 + 0.13XHHT 5 + 0,25 
X iOT"* Hr 2ft. 73? 


Zone 31 {923°-l,393° K.) 

- 0.80+ 1.24 X iFT- L28X 10*7“ 

- 145,750—O.BGT+0.62X 10“T*+1.28 
XlO^ 

A/ f »-M5j50+0.BQm7 , -O.MXlO“T> + 0.fi4 

x 10*7“+ 22.71 t 

Zone in (1,393°-!*800° K.) 

aC,= 1.63 + 1-24X 10~ 1 T— 1.28 X lO 3 ^ 3 
aHt= —180,5-00+1.63T+0-62X 10 -, P+1.28X ID 4 ? 1-1 
aF t = - 180,500 - 1.63 71 fi T- 0.62X 10“ T* 3 + 0.64 

x io*r->+65.4r 


T, * E, 

/Tc- Mw> 

■ St 

AH' t 

an 

see ,. 


AM? 

-143.™ 

-ito h» 
-133. Mo 

400..... 

966 

«. ia 

WO..... 

l,9Ti 

11.43 

-143, TO 

- 131 , am 

(00. 

loai 

13. 34 

“ 143, 7® 

-I®, 400 

TO..... 

4,10C 

13.0 

- 3*a, too 

-11ASOO 

toe... 

ASf 

Hi 

-MATO 

-m.»0 

9£0. 

A 390 

17.(1 

-143. 6m 

-ItoTSl 

1,000.... . 

T.680 

19. 15 

-14AS0O 

-Ui use 

UD0.. 

A BOO 

XL 3 

-14J, ?ff] 

-UA TO 

1,300.. 

M.MG 

11.33 

-145, SX 

-111,600 

1,300.. 

11,310 

23.38 

-LiS,300 

-Mje.toO 

l,*oa.... 

13, ST0 

33.37 

-176.630 

-106.4M 

1, (00 . . 

13. aDo 

14.13 

■—17A SCO 

— MH, TW 

1,600.. 

is L Dec: 

15. 0 

—17A aoo 

“to - ™ 

1,™.. 

1A3S0 

la. 76 

-1TABOO 

-95, A50 

l^OD .. 

IT. S*C 

36. *S 

-ITi.M 

“St, B0 

1,900__ 

<1A S7C) 

(27-iaj 

C-1TA 300? 

f-Riarn 

2 , 00 a......._ 

(to, i») 


(-175. Cffi'i 

(-TA 9MJ 


Magnesium Difluoride, MgF 3 (c) 

A H\h = —263,500 calories per mole (!/£) 
S«= 13.68 ^.Ut £//fl 
Af„P.= 1,536° K. £S£] 

A./JV—13,300 calories per raole 
B-P.-2.SG0" K. (lit) 

&fiv= 65,000 calories per mole 

Zone I (c) (29SM,536° K.J 

C*= 16.93 + 2,52 x 10“ F- 2.20 X 10 s 7^* (8t) 
Hr — 5.B&8 +16.937+1 .26 X 10“ T*+2 20 

X ID*^' 

Zone II (i l ) ( 1 , 536 °-] , 800 ° K.) 


C,= 22.60 {8S} 
Hr— = 2,400+22.607 


► MgF, 


Formation; Mg -j- F 2 ■ 

Zone I (298 D -923° K,) 

2.50 + 0.58 X 10“ 7- 0.62 XIQ* T” 3 
Vt r Z ~ Sf’ ™' + ? l50T + 9.29X 10“ r + 0.62X 1 


Zone II (923°-l,395° K.) 

aC,= 1,24+2.OSX10“T- 1.4X10»7-* 
iF r = -26b r 220 + L247+ 1,04 X 10“ 7=+ 1.4X10*7“ 
AFr «= - 266,220- l ,2477n T - 1.04 X 10“7^ + 0.7 
X 10»T“+53.8ir 

Zone IK (1,393°-1,536° K.) 

AC, — 3.67 + 2.03X10“ 7— 1.40 X 10 s 7^* 
iW'r- —301,050 + 3.677+ 1,04 X i0“7^+ 1.40X IQ 4 7“ 
AF r = - 301,050 - 3,6770* T- 1.G4 X 10“ T* + 0.70 
X 10*7^’+ 96.447 

Zouq IV (1,536°-! ,500° K.) 

aC # - 34-0J4X10" J 7+0.80X10*7“ 
i Wr= - 292,760 + 0.347- 0.22 X 10“ T - 0,80 X 10^7'-' 
iF f = - 292,760 - 9.34 Tin 7+ 0.22X 10“ T 3 - 0.40 
x L0*7“+i3o.ar 


T>* K- 


St 

AHf 

as . 


13.68 

-263. 500 

too. .. 

IMS 

LA 42 

- 2M .ISO 

M0... 

1 323 

22. 55 

-363.TO 

MO. 

i.0&3 

2A38 

-263.750 

TO. 

6.SS0 

toll 

-362. TO 

BCD.. 

1130 

to to 

-262. 2to> 

000.... 

W. HO 

33. to 

-263.9 to) 

1.030. 

IS. JIO 

34.83 

-263.. TO 

1,100.. 

14.45C- 

36.81 

—2S3,4M 

1,300... 

It 400 

33. 39 

-263. 100 

1^00. 

IS. +40 

*0.00 

-382.500 

1,400__ 

to MX) 

*1. M 

-3S3.5HJ 


22, 490 

*3. SO 

-2S3. Lto 

1,600. 

38. 560 

33 3i 

-278. 450 

AXE. 

40. S30 

: Si. 71 

- 271. 600 

1,XB.... 

43. MG 

56 01 

— 276. Tto 


an 


-2to, 
-S4A 
-m 

-334. 

-sat. 

-225. 
-214, 
-213. 

-as. 

-305. 
—1«. 
-IB. 
— IS’. 
— IP?. 


Magnesium Bichloride, MgCU (c) 


A if jpj= — 153,200 calories per mole [113} 

5x«=2l.4 c l, (fjff) 

A/.P.^SST* K. (83) 

&Hm— 10,360 calories per mote 

B.R=l,69L fl K. {113) 

jIjF/f = 32,700 calories per mole 

Zone I (c) (29S°-9S7° E.) 

C B = 18,90+ L42X 10“T- 2.06 X 10*7' f 82) 
H t - /f m - -6.3S9+ 1S.90T+0.T1 X lQ“r*+2.06 
X10* T“ 

Zone II (E) {987M,SG0* K.) 

C, = 22.10 [83} 

+1,650+22.107 

Formation; Mg-f-CV———►MgClj 
Zone I (29S°-923° K.) 

AC*^3.94-O.14X10“7-O.GX 10* 7“* 
aHt^ -154,600+3J4 7-0.07 X 10“ T 1 + 0.6X10*7'' 
df+ss —154,600—3,94Tin7+0.07X (0“T»-0.3 
Xl^T-' + ee.KT 

Zone II (923°-9£7° K ) 

nC, = 2.68-5-1,36X ifl-’T- 1 38X 10*7“ 

&H t = - 154,200 + 2.68 7^ 0.68 X 10“7^+ USX 10*7- 
aF r = - 154,200 -2M Tin T- 0,68 X 10“ T 1 - 0,69 
X10 3 7- 3 + S5.47 7 


§g@B§§asssg§§§§s 


HEAT CONTENT, HEAT-OF-FORMATION, AND FREE-ENERGY DATA 


Zone III (987^1,393° K.) 

- 5.68 -0.06 X 10“T+O.fiex io>r“ 

: ■- H8+50 +5.887-0,03 XlO-'^-O.OBX 10*7 

. -. ^ 148,1 50-5,887 f nT+0.03X 10 J, T^+0.34 
X 10*7“+ 73.547 
IV (1 f 393°-I P 500 Q K.) 

^8 T 31-0.O6XlO“r+O.C8X10>7-* - , 

^-l83 1 100 + 8-3lT-0.O3Xl0’ , 7 ] 7O. fi 3X 10*7 

r =-183.100-8.317^ 7+O.03X10“7 ] "O-34 

X 10*7-'+110.347 


■i+r 

Zone 


A Ft 


(00. 

sso...— 

600__— — 

: cd__^... 

B0C.—* 

M0...—- 

],0W.--- 

1. IDO___ 

1,3m...-- 

1,300--.- 

1,400.. 

1,600..^^-— 


r —jWpi 

Sr 


21.40 

"Two" 

26.59 

a.tio 

toll 

i r bi6 

K 19 

7,450 

37. 25 

9.*K 

39,74 

11,380 

4105 

23.150 

54.67 


5fi- 78 

2S. 170 

68. X 

3C.380 

60. 41 

315W 

82,10 

34. TO 

63.61 


— 1AJ. 3K 

-iss.aso 

— L51KP 

!S2, 1«3 

— IAI, rA0 

-lil.ino 

— lM.ft.Vl 
-U2. 4S0 
-141,760 
-HI, 3Q0 

— 1*1.450 
-171,500 
-[7fl,B50 


if? 


- I4I.4CB 

-837.300 

-133.500 

- L29. “UO 
-im LOO 

- 400 
-13AS50 
-114,1W 
-IL2, *W 

-no.ooc 

-L04.600 

650 


Trimagnesium t^uiitnde! (c) 

— 110,200 c^lorsea per mole (iOJ) 

^7fi=»2l .£ mi, £ff)_0 

T.P.= 823 3 K, {32) 

&Kt=\ ED calorie* per mole 

7.7 -1,061° K. tm 

A/^ t = 22D ceSorir^ per mole 
1J cco in poses = i .^OD 3 K. (3) 

Zone 1 (q) (29S°-’823 q K.) 

C*=S0.T7+n 20X 10^*7 {8*) 

Hr-Hiu= ~ 6,661 + 20.77 7+ 5.60X 10“7* 

Zone 11 (0) (S23 o »1 T 0liI° K.) 

C,=2O.07 +10.60X10 

H T - If m =- 5 P I3O+20.O77 

Zone III (t) (1,061°-1,300)° K.) 

C„=23.50 (79) 
if r — — 8,560+28.507 

Formation; 3 Mg -b Ni -*Mg aN a 


C f =20.07 + 10.66 X 10“T {S3) 

Hj-If Mt - ~ 5,830 + 20.07 7+ 5.33X10“7= 


Magnesium Dibromide, MgBr 2 (c) Zone i (39S°-823° K.) 


Affh«=( —123,900) celoriesper mqlc; (Jf) 

S^-(30) e.tt. £//) 

M,7.-9S4 C K. (fl) 

Ajfw—8.300 calories per mole 
B. F.“ (1,500 s ) K. (S) 

A/fr —j35,000) calories per mole 

Form atio n: M g -r Bt 3 --* M gBrj 

(estimated (11)) 


r,* e. 






(-1S3.TOL 

(-130.000? 

®.. 

(i. to; 

(—130. 7Q0' 

(—111, CQQ) 

^000__ „„ , -- 

122.TOO) 

(-122.300) 

(-Bfl‘ TO} 

I'jQC 1 .. ... .... __ 

04. *“1 

(-1*9, TO} 






iC 4.3 I + 5.BSX10“7+2.34X1 O s 7- 1 

AHr^-m 400-4.317+2.84X 10“^-2,34X:0»7-« 
AFU - 108,400+ 4.31 Tin 7-2.84 XI0“7?-1.17 

X10* 7“+18.05 7 
Zone 11 (823°-M-i° K.) 

tC =-5 01 + S.UX10-T+2.S4X10‘T-’ 

*h’ t = - ibT.soo - 5.01 r+2.57 x 10-r- -2.34 x ior-> 
*"%, - 107 500+A2U Tift T- 2.67 X 10“>r>- LIT 

X10'7^ 1 +12.70T 

Zone Ill (92:1°-1,061° K.) 

= _g,79 + 9,64X 10“T 
AP =-I P TOO—8.797+4-B2X 10“^ 
aF^=-H 2 700+e,797lA7-4.S2XlO“r-5.3S7 


Magnesium Diiodide, Mgl, (c) Zone IV (i,061°-1,300° K.) 


86,800 calories per mole [11} 

5m=<33) « « HD 
M.P- — 92K. (ff) 

AHif—(5,300) calories per mole 
S.R=U,200°) K. {8} 

AJ/ r *(25,000) calories per mole 

Form ation: M g +1 r-* ^ S^ 3 

(estimated (H)) 


aC = 0-32-1.02 Xl0-*7 


tpe. 

Ht—Hh* 

AH} 

AF\ 



-to TO 

(-86. TO) 

. ... 

JOG__...__ 

“""ItOOOf 

(-100,7001 

(—13, DOj) 

^QQO... 

(19.900) 

(37.000) 

{-W,TO} 
(—ST, TO) 

( — 09, SCO) 

t-to to; 


_ 


r H *i 

Hr—Hm 

Sr 

AH’t 

aFt 



21.8 

-110,200 

TO 

-91.TO 

«..... 

2,510 1 
a, HE 

T9. CH 
34 31 

-no'TO 

-to 600 
-81,900 

fcTl 

7.790 

39.72 

*4.ca 


-77. TO 

TOC__ 

10 , a 90 

— 199. 4*A1 

—T'J, 400 

8(j0 __ 

U. SlO 

47.83 
51.50 
54*9 
37. 76 
60 24 
62. 62 

"j? 

; -sr,7o0 

900.. . 

l r TO..„—.- 

1,100__ 

i aoc .._. - 

16. *50 
19. iX 
22. ‘90 
25-MU 

-ISA 650 
-L16.4O0 
-Elt.lto 

■ -62.350 

-is. ax 

-H.asu 

-4S,tS0 

1 

I.TO—.... 

£S- IW 



























































































































fiF. FREE ENERGY OF FORUM ION, V*ol/q -mule 


THtRMODTOAMlC PROPERTIES OP 5 5 ELEMENTS 



1,000 £00 
tempepatope. "k. 
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yS* J 

- L 

■* -^ 
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r 










i 
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Figure 31.— Magnesium, 


7.o n« V (l) (l p 517°-2,^ fl K.) 

C f ^lL0 

H r —H** = - 1,220 + U-OT 
F r -//«•= - 1,220 -11.071*7+ 67.2 7 

Zone VI (p) (2 f 36S 5 -S ,000° K.) 

C,= 6.26 (B£) 
M T -H^=m t no+b,2%T 
F r -//»»=■ 63,710-6,2677*7+4,287 


T. ■ X. 

Hr— H*m 

Sr 

(Ft-H*) 

T 

2SW,.. 


T. 50 

7, W 


WO 

m 

7.83 


1,3K 

11.13 

S.14 

flGC... 

3.210 

11 17 

iTft 

7tK.. T ... . 

2, *95 

13-« 

9-S3 

3CP.... 

*,7W 

H. T* 

ia 12 

to?...... 

t.iTO 

15. IS 

10.47 

l.DGO.. 

3,150 

16, 69 

11-n 

l.tco.„ T .. 

a, sc 

18.09 

11 82 

1,300.... 

7.745 

18.67 

ns: 

lioc.... ... 

4.714 

14,41 

12. 91 

LtoL..... 

' 10.21) 

30.72 

13. 46 

1,500 ...... 

11. j» 

21,® 

13.94 

1,600.. ..... 

16, 3SC 

34. E 

14. £8 

1.70C...... 

17. iB 

23. 19 

14.2! 

1,000...,,... 

18,680 

36.12 

LAB 

I 900 ___ 

19 4S0 

a. 71 

36.35 

2.D0C.... 

30 7® 

27. a 

14 SS 

5.MC----- 

TTf, 1® 

32.09 

a. 0 


Manganese Oxide, MnO (c) 


MANGANESE AND ITS COMPOUNDS 

Element, Mn (c) 


AH\ w= — S2.Q50 calories per mole {1£4) 
S^= 14.27 (. u. (135) 

Af„P.= 2,058° K. (S^f) 

iff^==13,000 calories per mole 

B,P.= 3.400° K. (i) 


5™=7.59 e.u. (JS> 

7.P.= l r 000 a K. (SSf) 

AWt“ 535 calorie? per atom 
T,P.= 1,374* K. IW) 
d// r =545 calories per atom 
T.R« l r 41Q* K. (Jf) 

Ai/r= 430 calories per atom 
Af,R= 1,517" K. (flf) 

AH 11=3,500 calories per atom 
B P = 2,363° K. (St) 

A Hr *53,700 calories per atom 

Zane I ( ft ) (29S°-1,000° K.) 

C tf *= 5.70+ 3.38X 10“7-0,37 X 10 1 7“ {*£) 

Wr- //:« = -1,974+5.707+ 1.00 X 10“ 7*+ 0,37 

Fr-K m = -1,974— 5.707n7- L69X lQ-^+O.lS 
Xi6»7“+3l .74 7 

Zone li (£) (1,000°-! ,374° K.) 

C p —B.33+0.66X 10“ 7 

H r ~ U, n = - 2,fi75 + 8.33 T+ 0.33 X 10“Ti 

F t - //,«= — 2j675“ 8.33 Tin 7-0.33 X 10“ 7 1 

+4.9-27 T 

Zone III ( 7 ) (I t 374°-l ,410° K.) 

C, = 10.70 

Hr- fn*= - 4,760+ 10.707 

- 4,760 - 10.70 Tin 7+ 67.5 7 

Zone IV (£) (1 T 410°—1,517° K.) 

Cp“ 11.30 (83) 

' /fr— FTtn = — i ± 517+ 11.307 

Ft--1,517- 11.307^7+69.7 7 


Zone I (c) (298M,@Q0° K.) 

C,= 1111+ 1.94 X 10“ T-O.SS X 10*7“ (2?) 
M r -^ “3 P &&0+11.117+ 0.97X 10“T> + OSS 
XlO* 7“ 


Forcne-don: Mn +1 /20?--AlnG 

Zone I (298^1,000° K.) 

AC r =* 1 S3 —1.94 X 1Q“T-0.31X 10*1“ 

- 92,600+ 1.S3 7- 0.97 X 10“ T 5 +0,3 l X 10* 7^ ] 
&F t = — 92,600 — l.S3 77n 7+ 0.97 X 10“T*+Q.15 
X 10*7“+29.67 

Zone II (1 1 000°-1 1 374° K.) 

ACp=-O.SO + 0,78Xl(r 1 7-0.68XlO i 7-J 

*/!_= ^92 95o-o.&or+o,33xiQ“'P+o.58x 10*7“ 
&F t = — 92,950 + 0.S0 Tin 7—0.39 X10“ 7 1 +0.34 
XlVT-'-ir 13.157 

Zone III (1,374°-),410° K.) 

aC = _ 3 17 4 - 1.44 X 10 -T- 0.58 X 10 * 7 ^' 

BOO — 3.177+0.72X10" 1 7 1 +0,65X 10 s 7“ 
aP t = - 89,800 + 3,17Tin7-0.72X 10“P + 0,34 
X 10*7“—5.97 T 

Zone IV (1 T 41QM,517° K.) 

a C = — 3 77 + 1.44X 10“T—0.6SX 10*7“ 
a //I = -69,480-3.77T+0.72X1O“T*+O.6BX 10* 7“ 
aFt— — S9,4&0 + 3"777n7—0,72X 10 -, P+0.34 
X 10‘T 1 " 1 — 10.637 


HEAT CONTENT, HEAT-OF-yoRMAT30N, AND FtfcKE-ENEFIGY DATA 


Zone V (1 P 517 3 -1,S00° K.) 

jC,= -3.47 + l.-MXlO-’T-O.OSX 1Q*T“ 

AH r = — 93,400 - 3 4 7 7+ 0.72X 10“ 7^ + 0.E8 X I tpr~ i 
^F r = — 03,4OO + 3.47TyriT-0.72X 
X 10*7“ -5, TOT 


T, * E. 


Sr 

A/7; 

AAr 

H*_—.-! 


U37 



too... T ..-' 

. V. E3D - 

37. S3 

-92. fi O 

-«,W0 

iK,,. T -*.,-i 

J.-JP 

20.09 

-?L,Dt>j 

: -83.3X- 

KX?.. 

3, 47G 

22.24 i 

-&3.&00 

-61. S® 

TOO...—-J 

4 . .no 

24. Ij i 

-93.'® 

-79.700 

80C-....1 

4,400 

I ' 2J. T6 • 

-51.750 

-TlflOO 

QOC... 

7.1® 

?i-3a ■ 

-91.753 

i 

1.000.. 

«. 130 

ff.A* 


, —71,560 


8,750 

1 20. S3 

-93,300 

“72.750 

1,3Jd.. 

13.100 | 33. M 

-K.1S0 

: “73.000 

t 300 .-. 

12.170 ! 32.331 

-32.350 

-flfl. 100 

lliDO___ 

13. MU 

33.32 

-K.S4J 

! -57.4M 

1 JDO,. 

15.210 ; 34.07 

-9U. 4® 

-IS 400 

i!floo.„-— 

16. SBC 

| 34. *■. 


-63,500 

1.7DC.—-- 

17. m 

3S. 79 

-97.2W 

1 -43,4® 

1.SC0--- 

14,3® 

36.® 

“97,400 

-59. 4» 


Trimanganese Tetraoxide, MejO, (c) „ 


A//m= — 331,400 calories per mole [JJ5) 

35 5 t.u. (83) 

7. P.= 3,445“ K. (F£) 

A//r—4,970 calories per mole 
itf.P.= l,Sfi3° K. (&) 

AH m = (39 r OOO) calories per mole (4^) 

Zone I (a) (298°-l r 445° K.) 

C,= 3464 + 10.82 X 10“ 7-2.2Q X 1<P 7^= {$£) 
H-- H, w = -11,550 + 34,647+ 5.41 X10“ T 1 + 2.20 
XlO 5 7“ 


Zsmr IV (1,4HJ* 3 r 44. r i° K.) 

— 13.SB y S.R2X ID it— | 40X lO 5 ? 1 - 1 

* IfT ^ - ] 3,587y 4.4 3 X 10 - 1J P f J .40 

&Ft= — 321,600 + 1 ^ 3 . 58 Tin, 7 — 4,41 X SO - *!' 1 + 0 70 
X 10 » 7 ^ L - 15.43 T 

Znne V (1,445°-1,517° K.) 


AC,-2.0 -2.00X10“ 7+ Q.S0X 10»^ 

AHr— — 329,.00 + 2.07— LD0X 10“T 3 -■ 0 £i)X HPT 1-1 
^F t = —320,100“2.07j'n7 i. i.OOx 0 40 

X 1017 -“+ 95.467 


Zone VI (l p 5l7°-l r SnO Q K.) 

ACp^ 2 .B 8 - 2 . 00 X 10 “ 7 + 0.80 X 10 * 7 “ 

&II T ^ “ 340,700 + 2 . 887 “ I.OOX 10 “*P- 0 .S 0 x 10 * 7 -' 
5 F t = - 310,700 - 2 . 8 S Tin 7 + 3 r 0 QX 10~ 3 7 * “ 0 40 
X 10 i 7 -‘+ 109.88 7 


1 \ 

vi 

1 


St 

AJ^. 

af't 

29 S... 


34.6 

- 333.400 

- 30 (L 300 

400 . 

AIM 

lA 26 

-331. am 

-a; jqo 

®0 .. 

7 . 590 

44 . 84 

-ajo. too 

- 2 Sh. SSO 

«0 .. 

11 , SK 

S 3 . IS 

- 330 . 6 ®' 


™. 

IS, 740 : 

®. 64 

; - 330.500 

- 272 .™ 

KC.. 

19 . 9 S 0 

74.20 1 

! - 330 . !M 

- 2 K 1 . BOO 

9®... 

24 . 2 M 

TV, 23 

- 330.060 

- 2 . 55.600 

Ubo..,.. 

2070 

S 3 . TB 

- 3 -Vi, aM 

- 247 . 3 iO 

1700... 

31 . LEO 

88.02 

—33 L. 450 

- 736 . 150 

1,300 ... 

37.650 

n oo 

- 331.300 

-£ 30,400 

L 3 E,. 

! 42.410 

«.w 

- 330.500 

- 221 .» 3 G 

1 MO .... 

j 47.620 

99 n 

- 332 . K 50 

-111 KG 

1 400 . .... 

37 . we 

1 ®. 6 fl 

■ - 32 S. 400 

- 7 S 5.300 

1.600 . 

1 TOO .. . 

03 . TIC 

109 92 

i - 333,500 

- 196,250 

67 , 730 

I 112.96 

- 33 LS 0 Q 

- 187,600 

L 9 XL,^.. 

I 72,750 

116,84 

! - 33 A £50 

— ITS. ICC 


Zone II Cfi (1,445°-1,800° K.) 

50,20 f BS) 

Prm^ - 17,600 + 50.207 

Form a tion.: 3 M n -(- 2 0 2 --—+ M n 3 0^ 

Zone I (298°-1,000° K.) 

iC p ^3.22-l,32XlO^ I 7“0-29X10 1 7^* 

aHt- - 332,400 + 3.22 7— 0.66 X 10“ T* +0 29 
x lO 4 ?^ 1 

Af>= -332,400-3.22 Tin 7+0.66X 10“7« + 0 15 
X 10 4 7^ t + 106.757 

Zone II (l p OOO°-l T 374° K.) 

ACp= -4.67 + 6.S4X lO-'T-I+OXlOiT^s 

A H T = -330.600 - 4.67 7+ 3.42x 10- l 7 J +1.40 
X 10*7“ 

aF t = -330,600+4.677ln 7-3.42 X 10“7> + 0.70 
X 10 J T _1 + 54.40T 

Zone III (1 5 374 o -1 p 410° K.) 

AC, = -11.78 + 8-82 X 1D“7-1.40 X 10 s T^ 1 

A Jf r = s -324 1 130-1L767+4.41X10“'P+1.40 
X 10*7“ 

AF r= “ 324,130-r 11.76 Tin 7- 4.41 XlO’ 1 T+ 0.70 
XLO 1 T-i-0.147 


Dlmanganese Trioadde, Mn^Oj (c) 


A/fa■= —229,200 calories per mole ( 8) 

jSt*— 26,4 f,u. (SJ) 


Decomposes “ 1 , 620 “ K, (+S) 

Zoo el (c) (298°-1 t 350° K.) 


C, = 24.73 + 8.38 X 10“ 7— 3.23X lOVT 1 006) 
H t - Hy* = - 8 P S30 +24,737+ 4.19 X10 1 7 7l + 3,23 
XlO 4 !^ 1 


Formation: 2 Mn-f 3 / 203 - 
Zone I (29S°-1,000° K.) 


^MnjO: 


5Cp=2.59 + 0.l2X 10“7- kq 

aHt-— 230,600 + 2.597 + 0,06X10 , P+l-B9 
y jflJ 7^I 

AF T ^^230,6Q0-2.597Inr-0,0flXl0“7*+Q94 

X10* T-i+80.77 


Zone II (l,000°-1,350° K.) 


AC,= —2.67 + 5.56X10“7—2,63 X „ 

aHt^ —22S P 210—2.67 T+2.7BX 10“ 7 s +3.63 

aF t = —229^210+2.67 7/n 7—2,78 X 10" 1 T 1 +l- :i1 
X10*T^ 3 +60 84 7 
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THERMODYNAMIC PROPERTIES OF ft5 ELEMENTS 


r. ’ x 

Hf-Wm 1 

Jfr 

jsJJ* 

if? 

3TK.. -. 

.i’ ,v<i 

a i 
11.73 

-335. 

-ZW.THI 

—210, Md 
-arw,j.w 

3». . - - 

i. IJ3 

39 W 

-J3S, s»n 

- 15K.0W 

*Ct' - 

p.(4!l 


-ra. ^ 

-l«, 1411 

JDO ... 

tll.Wl 

^.T 

-3a. 3«i 

-lUi.SW 

hoc ... 

1 H.LH.1 

u. a 

-7?, »| 

-ITT. SCO 


|J, ISO 

iT li 

- d.y i 

- ITS. tCC 

ew. - ■ • 

?o. 

W iS 

-S37.POI 

-1ST. Asc: 

i.owT- . - 

l.]on.. 

. 

.. 

33,;^ 

fij. 71 

-22S.&SQ 

-ISMJO 


B.iP. 

-ris. rc 

-lii. 44D 

in. av 

69. +?■ 

-OT, S0C- 

— M9, <30 



[-■228, TO! 

|-l«.Wr 



(-OT. KC) 

(-137,30Q> 

. 



(-D6.30DJ 

1—130.7130} 


Manganese Dioxide, MnO? (c) 

aH*m — *- 12-J.450 calories per mole {£$} 
Sr»= 12.6S c.u. [SS) 

Decomposes—1,120° K. {&} 


Zone 1 (r) (298°-S00° K.) 

C ■ = 16.60 + 2.44 X10 -1 T- 3,88 X 10* T ~ 1 (551 
Hr- H™--6,360+16.60T+ L22X \Q~*T* + ZM 
X iO’T-" 

Formation: Mn+O*—--*MnQ 2 

Zone I (29S°-S00° K.) 

AC*= 3,?4 — L94X 10 -I T— 3.11 XID 4 ^ 1 
A Ht — - 126,620 + 3.74 T-O.STX lO->T> + 3. 11 
x io*r-> 

AF r = - 126,620 — 3.74TTnT+ 0.97X 10-*7’ I + 1,55 
X10*T- 1 +70.2!T 


T .' ^ 


Sr 

4W1- 

**■> 



|3. 65 
ItM 
30 IS 
33-» 
3S- 04 
3&41 

-134, 440 
’134.400 
-114. MO 
-134. 
-134,000 
-123. B40 
1-133. JDtl} 
( —123. «0} 
(-133,300) 

-111.140 
-lOt 900 

-wra.floo 

-91,900 
-W, 640 

(-43. IKl 
(-1T.W0J 

. 

*(». . . 

J)CO. 

«E... 

TOO. 

800... 

flW. 

1,130 
3,020 
4.WC! 
MlQ 
* JSC 
[10. otflj 

m. ski 

113.730) 

i,aw.„„„.. 

i.lM.. 

-— 


Manganese DiQuoride, MnJj (c) 

- 190,000 cmt-girie* per mole (11) 

t.u. [!/) 

M.P. = l T l2tf 9 K, (5) 

(5,500] calories per mglp 
B.P. = 12,300"} K. (G) 
i^/r= (57,000) calories per mole 

Formation: Mrs + Fj--yMnF, 

(estimated {!!)) 


T.' K. 

n t-Hm 

A Hr 


.... 


-190. EEC 
[-!W,K0> 
[-ISS.300^ 
(- LSI TOOJ 

§111 j 

\ 

SCO 

[3. 6003 
fn.nooi 
[30.0001 

L,0D0 . 

MOD 

■——-- 


Manganese Trifluoride, MnF 3 (c) 

aHIjb — —23S.DO0 CBSories per molt (I J] 
S m ~(2&) c.u. (11) 

Af.P.-M,350") K, (S) 

i Hu = {11,0001 caloric prr amir 

HP*=*(],fi00 e ) K. (5) 

illv~ (42,000) calories per moU- ■ 

Formation: Mn-F3/2F^— — ■-►MnF 3 
(estimated (//J) 


T. m K, 

I Ht- fi T m 

aW? 


n . 


-23S.DCO 

(— 22 a, ■aoa-3- 

KO . 

(S, GDOj 

[-234, BOO) 

1 f-aiaa»i 

» Wn . .... _ 

(-191.(100) 

J 



Manganese Dichloride, MnCh (c) 

— 115,190 calories per mgte (fff) 

$n i = 2B *,i£. [S3) 

JV/.P, = 023* K. (it) 

AH v = S r 970 calories per mole 

B.P. — 1,463 d K, (5) 

ii Hi- = 29,600 calories per mole 

Zone I (c) (298 0 -923“ K.) 

c,-ia,Q4+3.]6xio- i r^i.37xio j r- 1 (S£) 
M T ~ “6,000+ t8.04T+ l.WX W~'T*+ 1,37 

x io*r-> 

Zone II (l) (921°-] ,200° K.) 

C.™ 22.60 (£*) 

+280 + 22,607 . 

Formation: Mn + Cli —-*MnClj 

Zone I (298°-923° K.) 

AG. = 3.52 - 0.28 X lfl- ] T-0,32 X 10 1 T~* 

£i Ht= ~ 116,350 + 3.52T- 0.UX lQ-*r*+IU2 X 30* l ~ ] 
if T = -116,350 -3.52 Hn T +0. U X IO" 1 ^ + 0.16 
X lO ,j r- J -r 58.57 

Zone II (92:t°-l/HI0° K.) 

AC„=8 08-3.44X IO- 5 r+l,05X \WT J 

a h t = - no,loo+scar-1.72x 1 q-'T 1 - 105x 10 3 r-i 

110,100-8.D8r^T+1.72X!O- 1 T3-0.52 

X 10*7^' + 79.Sir 

Zone III (J ,000°- ] ,200° K.) 

iC-— 5 45-0.72x IQ^T+Q.&S X l0J|> r 
A H r = - 109,280 + 5.45 T- 0.36X 1 O^T 1 — 0.68 X 10 J T"* 
Af , = - 109,280 - 5.45 Ha T + 0.36 X 10" 1 T* - 0,34 
X 10 s T^ J +62,33 r 


r. * x 

^ (fT-J/pn 

*7 

| 

if'r 


l 

».*} . 

' -in. ido . 

-101.1» 

KTff]_ 

1 ,«c 

23. 13 

-iu, «n I 

-ura. oio 

an........ 

TTf. . 

3 730 

I 47. 

. —114. WO 

-S6. PJO 

.v«o 

41 0 

' -LI4 3C0 

-95. 5JC' 

| 7. W0 

■ 44 oi i -more 1 

-Vi J60 

»v, . .. 

1 9. ten 

44 5 9 

1 -iri.ew . 

-J9. AiO 

goci .. 

11 tf5! 

49.3 i 

-113,2^ 

-M.+O’ 

ijjxiIY.'.V.'. . 

1,100 . 

i am . 

W. P*i 

S3 - H 

! -10J.HC 

— Si SS' 

J -a. 1 40 

63 2& ! -11B. 7iT' : 

-SLS^' 

1 77. H41 

: ti 23 - -IIB.-W0 ■ 

-KJ. 750 

L30C.. 

1,4GC.. 

(a. nwi 

(FT. Cl 

1 (-ina.i40i 

(-79.150- 


M Ml 

( (-HC. W!| 

(-7L, 151 


HEAT CONTENT, HE AT-0 Y' FORMATION, AND FRE E-ENERGY DATA 


Manganese Trichloride, MnClj (c) 

AHw— — 1 10,000 calcines per mote (JO 

,s m ~(39) f.u. Of) 

BP, ^+900*) K, (5) 

A Hr— (21,000) ciloriei per mole 

Formrttion: Mn-r3/2Cl 2 —■ ^Mn( l 3 

(estimated (//)) 


T,' K. 

J/r-Jfm 

I 

dJfr ! 

ar; 



-ltd. SOD 

(-9i 403) 


(too0} 

(—ioe, no): 

(—54 JCO) 


Manganese Dibromide, MixBr^ (c) 

88,700 calories per mcle (JO 
5™= (32) ff.u, un 
M.P =971* K. (5) 

7 QOO) calories per mole 

fl.P,=M 1,3000 K, {5) 

i/f(27,000) calories per mole 

Format ton: Mn + Br s — nBi .> 

(estimated (/!)) 


r+ k. 

ffr-Hai 

AH? 




-»TC0 

(-45.101) 

i-n. ®o) 

.. J "” 

(irai 

[-fti KDj 

! 000..,.____....... 

(22.000) 

(—&4 IK) 

(—44. OOP) 

■j’lfV 1 - ____ 

(62 00)) 

(-47,000} 

( — hi, QTO) 



i 



Manganese Diiodide, Mnl^ (c) 

A?fi 9 **= —57,100 calories per mote (JJ) 
Sjh^(351 (H) 

Af.P.^=9ir K, (^) 

Affw= (6,600) calories per mole 
£.P.= (U00*) K. (ff) 
iffv=(23,000) calories per mole 

Formation: Mn-blj- 

(estimated (H)} 


T. * K. 

Hr-ffm 


dfj 



-47.1® 
(-66,1W) 
(-80,7430) 
(-36, 500} 

( — 47, 0®) 
(-H, SCO) 
(-40.000} 
(-30.000) 

SOfi) .. 

(LPDO) 

ivXDoa) 

(6A000) 

1000 .. 

1 gtn _ ___- 



Trimanganese Carbide MrtjC {c} 

AJ^^-3^00 calorie a per roots (89) 

5 m = 23,7 t.ii. (81) 
r.P.= l,310° K. (8£) 

Ai7r-=3 f 570 calories per mole 
jtf.F, —l,4S0 e K. (S) 

; 0 nr 1 w (29S°-1,310° K.) 

n fit ne l £ finv ln-HT — 


Znno n (0) (l.:t10° 1,4 Kt>^ K.) 

C,-3S.0(S (SV) 

/(t - //™^» - i7.t5ij+aa.0(jT 

Formation: :tMit f -- -Ma^C 

Zone I (2.98°-t ,000° K.) 

AC p =4.0G— 5.56X 10 _1 T—U.S6 X lOT’ 3 

£iHt = —4,840— 4,0GT —2.78'X 10 _3 7’ ] —Q 8&X ltPT-s 

AF T =-4,340-4 06T(nT-2 78 XlD-*r»+0 43 

X lO a T -5 + 26.42 T 

Zone II 0 t (K)u l t :{10° Kj 

AC f - - 3:83 4 2.60 X10“ s 7- 2.0 X KPT -1 
A/Jr= - 2,740-3.83 7-r 1.30 X +2.0X1^? ’ 
Af r =—2,740+3.837 in T- I.30X I0^T>+ 1.0 
X —26.157 

Zone m (i;tm 1 , 374 = k.j 

AC^ = 9.0“3.00X 10- J 7+2.10X KPT- 1 

aW r = -12,000 + 0.07- 1.50 X 10” 3 T + 2,10X 10*T-> 

- 12,600-9.07 In 7* l 50X lO^T-l.OS 
Xl0*7'-‘+6t,4r 

Zone IV (1,374°-1,4lO 3 K.) - 

AC S -= 1.8 -1.02 X 10"*T- 2.10 X 10* T^ 1 

_4,550+1.87-0.51 >: 10-57^-2.lOXl^T'J . 
Af r = - 4,550 -1.87 In T- O.Sl X - 1.05 

X 10* 7-’ - 13.4 T 

ZoneV (1,410°-! ,430° K.) 

AC-^-ioaxio^r+sioxio 1 ? 1 - 1 
A Hr— “ 3>300 — 0.51X t O' 1 7 1 — 2,10X ltf 
Af r = -3 300-0.5IXIO- 1 ^-1-05X 10 3 7 -1 -0.657 


H 

h‘ 



aNt 

■afr 

Bfl . .. 


a. 7 

-3,600 

*’3rfiCO 


2 450 1 

30. 75 

—3, 450 
-3,300 

—2 150 

500.. . 

i.ir'i : 

36. <£ 

-3,450 

CD _ .. 

7. 7W 

41. 37 

—3. 3ffi 
—3. 150 

-1.8C0 

Wi . 

10 . 490 

I 45.W 

-7, W1 

aoo ______ 

13, 2M 

; 40.43 

a§S£§SSS 

11111111 

-1.9US 

«u.—. 

1 , COO---.. 

[ igg 

16. 300 
19.3K 
22.100 

52 95 
56 - 14 
, ».07 

-3, 600 
“-1 BOO 
-2R® 

| r jB.... 

2L540 

: si. 8 

-3,400 

]' 300 . 

2S. 74C 

44. 3* 

-3.250 

\ VI'I . 

M\ U5t.» 

! fl. S5 

-3.®n 

L sdo—-. 

39 UO 

! 72 45 



Tetramanganese Nitride, MuiN (c) 

A Him — -30,300 calories per mole (97) 

Zone I (r) (20S° HfKl 5 Iv> 

C,= 21.1a-r30.5iV\lO^T (8£X 

Hr* 7,601 +21.157+ IS-MXlO^n 


Farmniinn : 4Mu--1 


+Mn.X 
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THERMO DYNAMIC PROPERTIES OF 6 5 ELEMENTS 


T. * K- 

itr-U™ 

St m sw 

ah? 

,_-... 



— 30, 300 

jftt_ _-- 


4 3<1 

— K, 3S0 

*n 
-2S. 700 

tfn ___ 

arx‘ 

IT. JO 

act) .. . r ..., 

10. 4S 

2i 03 


H. WO 

ii. U 

—T, TOO 

pIDQ- ...... 

i¥.got; 

it 17 

-ZT. MO 



Pen to manga ness Dinitride, M n$ t (c) 

Af/^=^ — 4S 3 200 calories per ntoie (9?) 
jSm=4T.3 f.B, (?) 

Zone 1 (c) (293 d -300° X.) 

C,«3Q.5«5+3S.4Q X KM7 (S£) 

Hr-/**■= -10,800 + 30.557'+ 19.20X 10 -*T* 

Formation: 5Mn+-N*-—->Mn*N ? 

Zone I (29S°-SOO°K] 

- 4.61 +20.4S X !0-*7+1 r S5 X l^T^ 1 
dtfr — -56,300-4.61 7+10,24 X IQ’*? 1 -1.85 X lO'T" 1 
af r = “ 56,300 + 4,61 Tin 7— 10.24 X KMP- 0 92 
X10 1 7-i+10.677 


TrLmanganese Dinitride, Mn*Nj (c) 

— 4 5.SOO caJoriei per mote [5) 

£■*< = 32,7 tf.u, (5) ' 

Zone I (r) (293° 800° K.) 

C w = 22.32 + 22.4DX 10^7 (fff) - 
tf**= — 7,650+22,32 T+11.20 X ICMP 

Form Qt i o n: 3 M n -f N a —-*M n a N j 

Zone T [29S°-800 a K.) 

AC,= - I.44 + 11.24X 10-i 7+1J 1X10*7-3 

-45,500+ 1.44 7+5.62 X 10- J P—1 II X 10*7^ 

t— ~ 45,500 + 1.4471*7—5.62X 10~ J P -0 55 
X 10*7-1 + 28.667 


r+E, 

Hr-Mm 

St 

AHt 

A*'r 

_ 

m. 


nr 

it. is 


-341» 
-32,600 

so... , __ 

tM 

ta 75 

-43l050 

-24 560 

errj. 

a. 730 

54-03 

-«,S00 

-It Bid 

710.... 

mm 

«i. 75 

-53.VC0 

—?!, 600 

8DQ... . 

U, 330 

4&M 

-43,300 

-14 300 


MERCURY AND ITS COMPOUNDS 


Mr-Hm 


aJff 



47- 3 



tile 

60. J 

-* 900 


two 

70 Si 

-47, iCQ 

-30.300 

It 450 

SCl 33 

-it ¥00 

■'-J7. iiO 

30,0+0 

SS 9 L 

-it 40] 

— 33 . U0 

2 i SdD 

97. OJ 

-+tl® 

-DClooo 



Element, Kg (!) 


5™ =18.10 *.u, {ISO) 

M.P.*= 234.29* JL (J30) 

At?* = S49 calories per atom 
£.P. =629,88° K, (130} 
AjF/t-= 14,I37 calories per atom 

Zone I (/) (298 °h530 5 E.) 



6.61 (Si) 

-1,971+6.617 
■ -1,971 - 6.61 Tin 7+ 26.08 T 


Zone II (?) (630^OOO 3 E.) 



4.969 {St) 

13,055 + 4.9697 
13,055— 4 96977ft 7- 8.21 7 


r F * k. 

Hr-Mm 

Sr 

tFr— Hm) 

T 

M 


It 19 
3C 13 
31-41 
22. SL 
tt 73 

18,19 
IE 46 
It W 
USiB 

5GO_ . __ 

S73 
i r il6 
I.R6 
IS, 665 
17, C30 

500... 

eoo T ,. T .. . 

7m..... 

SCO. ...___ 


^ in 

wo. 

17, 524 

14 ra 
14 tft 
WM 
14 525 
30,010 
aaas 
11.006 
•XI, 602 
22,000 
22, 19?. 
22. 

it 97 

27 jD 

l r 000.... 

47. 80 

29 57 

1,100.... 

1,11!...,.,...... 

4a 1L 

3Z« 

1^00..... 

IWO_— 

49-18 

4S il 
if Si 

Si 19 
Si 

Sfl- 71 

1,600.. .. 

S ,600 

1,700.... . 

m. it 
tft ts 


1^00.. 

3A 11 

1.W0... .. _ 

ML IB 
KL9S 

3S.S6 

3, W0.... 


m a 


Dimercury Oaride, Hg : 0 (c) 

Al/Jii — — 2l r 800 calories per mole I/JS') 
Sj m =(3l.4) e.u. (f4) 

Formation: 2Hg-f- l/20j-►HgnO 

(estimated (£^)) 


gggggg 


sssaisi* 


HEAT CONTENT, UKAT-GF-FORMATIOX p AND FREE-ENERGY Da t a 


Hr —Hum 

Air r 

A# t 


-21 «X' 

f~Ll_£EG> 

it torn 

1-21.5001 

E—to. oa>! 

{3, 7BU> 

t—at. soul 

i-7.occ: 

(6. 9tm, 

(-Bl.OOOl 

t“tOOO) 

U. 

(-49.&TGh 

(2.006) 

74J1 

{-^.OCOi 

[9. ®0) 

U3. 6^7, 

[-17. SOI) 

(It KG) 

(l3. 5*’l 

I-47.XB! 

(SS. 000) 


Mercury Oxide, HgO (c) 

—21,630 calories per mote {IIS} 
S»!= 17,2 e.u. [Ili) 

Formation: Hgd-3/20*—-~>HgO 

(estimated (£4)) 


r+ E. 

Hr-Hm 


±n 

Jflfi ... 


-21. BO 

*- Lt KG 

4W ... .. 

n, iso) 

1 

-31. 55Ll) 

(-11. 350) 

m- .. - 

a ssoi 

( 

-21.36(3) 

{-a asm 

600. ... 

{3. 60dr 

( 

-21. LOO) 

(-a, iso) 

TOC . 

[4. &?B'? 

! 

-K UD) 

i-% 4®:: 

8®.... 

{6. 2JG) 


+H am 

(+2,1501 

CCO.... 

17. TOO) 

j 

; —33.KB)i 

f+iBOO) 

IBQn .... 

[*,300j 


-33. 300) 

(+U.13D 

1.100........ 

(ID. 700) 

| 

+32. SCO) 

(+l*Wi!] 

i ,aju...... 

(12,300) 

1 

+31.WO) 

(+33.030) 

IJCQ .... 

(14.050) 

(li«0) 


+31,130) 

{+St350| 

1 400 . 

i 

+ 30. 350) 

j t+ffl, 9®j 

],K0......__ _ ... 

(17. t»l 

i 

:-29,SK) 

f+22. 750) 




Mercury Chloride, HgCI (c) 


vn 


4 'i ! “-P+ ,6W r*T m u [, 

M.P.=> Si 6* K. +) 

Dccymposiai to 

Zone I (r) {298 a ^S00° K./ 

C*=l1,05-1-3.70x10^7 rain 

Formation: Hg + 1 /2C1,- fJ1 

Zone I (298 a -630° K.J 

AC p — + 0,03 +3X7 X 1IMT+ 0^ vim^ 

0Ht= - 31,650 f 0 0374- 1.33 y 10-i^- Ci 34 y m*? 
&F t =- 31,650- 0.03 TUT -1 jS3 y jq^ , * y ' 7 

x UP7^+ 22.447 ^ ^ ^ tU7 

Zone II (630*-B00° K.J 

AC, = 1.67+3.67 X 10“ J 7+[).34x 10* T 1 ^ 

A/ir =—46,670+ 1.677+ LBftx 10-173 — 0 34y n^r-: 

AF x = - 46,670- 1.67 7fn7-1.83 XlO-ip-O 17 

X UP 7“' + 56.737 


T. * E. 

tir-Hm 

™. ! 

1 ] 

toe.., 

I 1.201 i 

3UC.1 

1 £S3u 

6® .. 1 

i, WJ . 

70Q_. . . . . 

6, LS5 ; 


aoo....... 6. 45 : 

1 i 





-£5,250 
-22.93d 
— Z1.W.+J 
-IQ.0OS 
-15.530 
-II. IX 


Mercury Fluoride, HgF (c) 

&HU 1=—46,000 calories per mole (II) 
S™=2 2 (.u, (JJ) 

M.F. = 343“ X. ( 6 ) 

Decomposes to Hg + HgFi (0) 

Formation: Hg+-1/2 Fj-*HgF 

(estimated (J/)) 


T.-E, 

Kt-Him 

A/f f 

- 

as... 



-46, BOB I 

-«,Q00 

800 


.(i^QDO) 

(-45, LEO) 




Mercury Difluoride, HgF 2 (c) 

AHbf— —95,000 calorias per mole (U} 
&t«=W s.u. (11) 

J1/.F, = 913 P K. {6) 

&H jr=(5j500) calories per mole 
£.P. = 920* K. (6) 

AJfv™ (22,000) calories per mole 

Formation: Hg + F--*HgF 2 

(estimated (//)) 


T * E. 

Hr- H& 



atp ... 


-91.00 

+KJ.0COJ 

tco... 

(tooo) 

{-44, flMj 

1-71000) 


l 


H7S4Q 


Mercury Dichloride, HgCU (c) 

—53,400 calories per mole tJJ} 

-Sim = 34-5 e.u (S3) 

Af.P.^550* K. -J) 

d/f*i = 4,150 calories per mole 

RF. = 557 e K. (6) 

AHf — 14,080 calories per mole 

Zone I (c) (29S°-550 a K.) 

C r ^ 15.28+ 10.4X10^7 (110) 

H r — — 5,015+ 15.2S7+ 5,2X lO^T 1 

Zone II (?) (557°-1,000° K.) 

C„= 14,6&+G.2SXK) 1 7~0,7&X I0 i 7' 1 (JJOJ 
15,220+ 11.66 7 + 0.13 X 10^7=+0.75 
X 10*7-’ 

Formation: Hg-rClj^---*HgClj 

Zope I (29S c -550° K.) 

AC f - -0.15 + 10.34X lO- a 7+G.68X 10*7^ 

Wr- - 53,600 - 0,15 7 + 5,17 x 10-a7= - 0.68 X 10*7-' 
AF t = - 53,600+ 0.157017- 5.17 X 10' 1 7* - 0.34 
X 10*7-1+ 3&707 

Zone II (557^-630 0 K.) 

AC,= - 0.77 + 0.2 X I0“ a 7- 0.Q7 X 10 s 7 -1 - 
aHt~ - 33,335- 0.77 7+ 0.IDX 10“*P + 0,07X 10 s 
Af f = - 33,335+ 0,77 TinT-lUOx lO' 1 ! 7 + 0.035 
X 1^7-^-4 887 

Zone III (630°-1,000' 5 K.) 

A C r = + 0.B7 +0.20 X 1 Q~ s 7- 0,07 X UPT -1 
AH t *= ~ 48,350 + 0. B7 7 + 0 10 X 10“ J 7= - 0.07 >. 1 &T~ l 
Af r ^= - 4S h 350 - 0.67 Ti n T-U. 10 X 1Q’ J 7> + 0.035 
X10 i 7"'+29+57 


451 












































































































































































THERMODYNAMIC PROPERTIES or 65 ELEMENTS 


T. * K- 

Hf- 

St 


4F*r 

>...—. 

*co ..- 

L'iisF 

3.JPU 

34. S 
*0. OS 

Hit -M 

-M.tm 
-Ml HM 
-ic. fnc 

-iZJTO 

-33LTOO 

-as.a» 

—3^, 


3^. 

ai.ti i 



TEC-.. 

SDC...... 

3.S. PlVI 
27 r 1C5 

A! ST 
tt.frt 
IC.3T 

-47.SU3 

-Ja^.iec 
—TT, ISO 



ss. w 



’ 






Mercury Bromide, HgBr (c) 

= “24,470 calories per mole (531 


ill ii , "UUW J IL- 

Decomposes lo Hg + HgB-r? 

(estimated (iJ)) 


T, 1 K, 

Hr-Hm 



jg|__ _ ____. __ 


-3MT0 

(“37.440) 

-2l,2£M 

LU _ . ... 

C+000) 



Mercury Dibromide, HgBij (c) 

— 40,500 calories per mole (106) 
5^=38 9 f U . (JO] 

A/.P. = 514“ K, (tf) 

3,960 calories per mole 
RF. = 59ff K. (ff] 
a/Jy =14,080 calories per mole 

Formation: Hg+Brj-?HgBr 3 

(estimated (//)) 


t. + e:. 


AH 4 

&n 

3BH... 


-40. BP0 
(~47 r li0) 

- 3 a. 900 
VS) 

400_.... 

(4, 000) 



Mercury Iodide, Hgl (c) 

—14,455 calories per mole (lit) 
5 m =2S,6 t. w. (lit) 

M.P^h 63 a K, (6) 

Decomposes to Hg + Hgla 

Zone I (c) (29S a “563 D K.) 

C,-IU0 + 4.61X1C“‘T (HO) 

Hr- Hi*,= -3 r 6GG+ n,40T + 2.30X lff*T» 

Formal ion: Hg +1/21 *---+H gl 

Zone I (298*-386.8° K.) 

iC k =“i.34X10-*r 
iH T = - 14,400-Q.67X Iff*T* 

r- -14,400+0.67 X Kff* ;P+ 8, lif 

Zone IT (386.SM5G 0 K.) 

AC,= -4,81 + 4,6VX10- 3 r 
AHr- -l4 f 9l0“4.8ir+2 30X Iff 1 ? 1 
&f r= — 14,y 10 +4.8 l Tta r-2.30X 10 _1 T 3 - 23,16 T 
Zone III (456*-583° K.) 

*C,= 0.35 + 4.51 Xlff*T 

AH r = — £2,200+0,3574- 2.30 X 10 ’*T* 

iFj-B= — 22,200— 0,35 TZnT— 2.30X 10- 3 T a +13.52 T 


T r * K. 


Sf 

i.Y 1 

*Fr 

3Sfi .. 


f, 

TL41 
3A 43 

-L4.4M 
-10. iSO 
-21. 4K 

-nsoc 
-n, wd 

— IT, 1M 

400... 

sec .. 

I.52S 



Mercury Diiodide, Hgl 2 (c) 


A—25,200 calories per mole [115) 
P™=40.Se.u. {83) 

T.r= 403* K. (££) 
a//t = 660 caloritia p-er mole 

M.p.=^jy k. (fff) 

v — 4,500 calories per mole 

B.P. = 627 a K, CJJ) 

A WV= 14,263 calories per mole 

Zone I (a) (29SM03 0 K.) 

C,= 18,50 ( 3£) 

Hr- ft* = - 5,516+18.50T 

Zone TI ® (403°-523 a K.) 

£, = 20,20 (8f) 

Hr- ft«= 5,550+20.20 T 

Zone III (l) (523°-627 fi K,) 

C p = 25.0 (fff) 

H r— Hw — 3*560 + 25.0 T 

Zone IV (g ) (627M,G00* K.) 

14.90 - 0.27 X 10® T~* (82) 
H r -H in = +16,993+14.90T+0.27 XlO»T-> 

Formation: Hg 4 -It --*Hgl, 

Zone I (29S°-336*K.) 


AC,=2.30- 1L90X10’ 1 
AH r= “ 25,357 + 2.30 T- 5.95 X Iff* T* 

Af r = - 25,357 - 2.30 77* 7+5-95 X10“ a 7*+17. 


Zone II (386.1°—403° K.) 


AC*= - 7,31 

26,300-7.3 IT 
Af,= — 2fi 300 4-7.31Tin T- 


Zone III (456°-523° K,) 
aC+=4,7 

d/fr=-41,000+ 4.7 7 

dF r -- 41,000 - 4.7 Tin 7+ 70.227 


Zone IV (523°-627° K.) 


aC,-9.5 

a//t= -39,015+9.57 

Af t= — 39,015 — 9 . 57 ln 7 + 96.457 

Zone V (630°™1,000° K.) 


AC,= 1.04-0.27 XI 0 s T" 1 

A/fr— —33,500+1.04 7 + 0.27 X lO 1 ! 1-1 

AF f =~ 33,500- 1.04Tin7+0.135X Iff7“’ + 32 887 


T, ■ 


St 


afJ 

Xfi . 


. 

-2S.2W 

-ZJ.WXT 

* 00 ...,.... 

l m 

46.2. 

-29.300 

-ZZ.ft50 

500 .. 

ASM 

SIM 

-AS.™ 

-jD.doa 

SOQ . 

11, 440 

fti 3 

-33.300 

-17.W 

Tan . .. 

T. 460 

90 78 

“32. TOO 

200 

BCG . .. 

3&.B0 

92 Tfl 

—3S.ft» 

-12.7JO 

WX ... 

30. too 

94. if 

100 

- Id. 250 

... 

It.SJO 

1 

96.00 

-ft. 490 

-1, Kju 


1 


1 



AF. FREE ENERGY OF FORMATION, heal -mol? 


PLEAT CONTENT, HEAT-OF-FORMATION, AND FREE-ENERGY DATA 



Molybdenum Diasdde, Mo 0 2 (c) 


131,000} ealori.es per mole {£) 

i 1-06 e,u C——^ 

Af.P.->2,500" K. '(481 

Form a lion: Mo — O^-eMoO> 

(estimated (&£)} 


T, H 1C. 

Hr -Mm \ 

AW ? 1 

AT'r 

29ft.... 


1 

f is 1 nr rj ’1 i 

i 

4P0_____ 




(“iia.Wil 

«ffl .. 


iy jajmi 

(-130, 5U1S! 

1 - m.yjQ) 

W . 


fT.aooii 

(-L20, V.U ]! 

(- lift, ooni 

TOO____ 


uu.awj 1 

1-13J.IWH' 

(-104. 5W1 

aw... 


its. 400)1 


(-1U1.0001 

«H.... 


LU. 50011 

1 — 130, D00) 1 

(-9t r 5<v] 

L^M ..... 


US. W3}| 

(-129, SQ&J 

(-94.000) 

1 , 1 m... 


U9. lD0;-i 

(-129.5u»j:. 

(-91. DOJI 

l,3tO..... 


151,300): 

f — S29. SuQ) i 

(-&T.S30J 

1,300...---.. 


(24.0001! 

(-129.0001; 

(-&4.0061 

t r tm-_........._- 


L2j.SEWij 

(-129.0001 

(—30, MO I 

1 .wo . 


(29. SCO! 

(—129,000) 1 

( — 77.000;, 

1,b00, ,.. .... 


(Ti 500), 

(-323. HO)' 

(-73. MTi 



(35. MBS' 

(-125, M0)! 

(-70.0001 

l _..... 

,1 

(3^ 300! i 

(-126. MOM 

! L-ftT.OOfil 

1.300.... 


{4l,3D0>i 

(-126.(00)1 

| (—53: ACC) 

1,000. ... 


(44. *00)i 

(-1^000); 



Molybdenum Triozids, M 0 O 3 (c) 


Figure 33.—Mercury. 


MOLYBDENUM AND ITS COMPOUNDS 


AH\i=- —180,330 calories per mole (Ji£) 
5?^= 18.68 t.u. (1U) 
l,0t>8* K. iii2) 

iHw—12,540 calories per mole 
a.F.=*l,42S D K. fH2'r 

A Hy= 33,000 calories per mole 


Element, Mo (c) 

£** = 6.83 e.w. {S3) 
M,P.= 2,S83 a K. (115} 


Zodc I {0 (298°-1,063° K.) 

C B = 20 07 + 5+OX 1 0-*r- 3 . 6 B X Iff 1^1 
= - 7,430+20.07 7+ 2.95X Iff 1 7 1 + 3.68 
XlffT-J 


Zone I (c) (29S*-ljB00° K.) 


Formation: Mo + 3/SOj’-»MoOi 


C r - 
Hi — Hn&= 

F 


1.48+1,30X10^7 _ 

- 1 ,690 + 6.48 T+ 0.65 X Iff 3 T 1 


T. * E. 

Kr-Hm 

St 

T 

^ __ 


LSI 

LSI 

400_........ 


3u59. 

7. OS 

SCO--'.....— 

Tnii . ..-- 

1.2(5 

1,830 

2.4F?0 

9.95 

11,07 

12.04 

7. ft 
A02 

H30 _......_... 

3.105 

11 « 

9-00 

OfHD . 

3, TfiS 

13.(2 

9.46 

1,0C€......— 

4,4*0 

14. K 

9. 95 

i' tun ... 

5.123 

[5.04 

IQ. 36 

]"'2U0 . ......._...... 

6,375 

IS &) 

10, *0 

U3W.*-— 

1,400--- 

1,500..._...........-- 

F.S30 
7, AVI 
7,935 

It II 

It 74 
17. A5 

11.1^ 

11.53 
11.91 
1Z29 

12.54 

12.S6 

i.eoo.... 

1,700..... 

l vai 

S.74M 

9 . aio 

‘ IP. 300 

17. T 4 
1121 
15, t'4i 

L9fl0... 

1 oi¥i ... 

(11.1*75* 
; ili.HWl 


(13 371 


(13.651 
(14. SSI 

2,500.-.. 

,| u$.o:oi 

l "‘ .. 


Zone I (298 1 “-1,063 d K.) 


A£7, = 3 85 +3.10 X lO->7-3.03Xlff 7^ 

Affr— — 132,000+3.857+ 1,5SX10" 3 7*+ 3.08 X_lff^ 


T, * E- 

Hr—H I*. 

Sr 


aFt 



It 66 

-1E0.330- 

-162.030 

tie. 

1,970 

1 24.77 

- is), 050 

—165, aw 

iOC ... 

4. crai 

26.95 

-179. TtM 

_ 11 ^ QC0 

mo ... 

5.37U , 

33.W 

-179.200 

” " DO 

7CG, t _. t „.. 

s.tso 

3S.75 

—1^4, 7x)Q 


BflO............ 

900........... 

1 , 000 ..... 

L1(C... 

!,3X>... 

1,300........... 

10.90*1 

13.430 1 
IS. 550 
131.0T0 ■ 
(33,770 r 
(35.1 S>- 
L39.3LI' 

4L. W 
■ 43,00 
45. 73 

— 175. [S> 

-177.5M 

(-153 70Q> 
(^!*2.95*N 
(-1B2.3W3 

- (26,55C 
-IK). 900 
[-IL5.T7JJ 
AA>I 
-JLli. 3>Vt 
.-UU.iBUp 
t»v< 

- i*j, 

2.000..... 

nTj-lV 1 , 1 ’ 

SX 1 


1-127. daOl 


t 































































































































































THERMODYNAMIC PROPERTIES of 6 5 ELEMENTS 


Molybdenum Hexafluoride, MaF* (0 
,^ ^405,000 cnlorica per mole (lit] 

?*. ut) 

t \j p l*K)° K. (£> 

^y/ v -_2 t SOO calorie* pvr mok* 

H ^,-3015® K. iff) 

4 Hr ^6,000 calorics per mole 

Formation: Mo + 3F 2 --*MoF 4 

(estimated (4i)) 


T. m E. 

ar; 

?*. 

(-38J. DM) 

K0...„_ 

(-3M, oun 

i.KM.. 

t-332,0001 

|J00 r „... 

£-297.000) 

l.™.„__ 

t -364.0CQ> 



Molybdenum Di chloride, MoCU (c) 

AffSw — £“ 44,000) calories per mole (If) 
£ M =(29) e.u. (If) 

M P.= 1,000° K. (If) 

iHjif = 6*000 calories per mole 

RF.-1,700* K (If) 

plf ¥ = 36,000 cileries per mole 

Formation: Mo-bClr—-^MoCij 

(estimated (IS)} 


T,' T 

Hr-Hm * 

i.H* T 

&Ft 

39S .. 


£—+» «K^ 

t-i5,000> 

am -. . 

£4. 0001 


(-■&,0Q0J 

ilaoo.---. 

{J4. CO0) 

1 (-2a'a»j ! 

(— A GGO} 
j (-«,«»> 


Molybdenum Trichloride, McClj (c) 

&Hht— {— 66 t OOO) caloric per mole (If) 

£«^37.B e.u. (If) 

S.P.= 1,300" K. (If) 

AR*,h=S 2 ± D00 calories per mole 

Formation: Mot3/2C1j--nMqCIj 

(estimated (J5)) 


r, - e_ 


AffJ 

if' 

K»,. ..... 


£-Ai.00Ql 
£-61. 000; 
(-H. 

gill 

H3C. 

I.WO.. .. 

1,00... 

"““U.QDOi 

£«.«») 



Molybdenum Teir a chloride, MoCh (c) 

( — 79,000) calories per mole (lit) 
£^=47,4 e.u. (JS) 

S,P. = 595° K. UYl 

£//*.&[= 25,000 culuriv-H per tuoli- 

Formation: Mo+2( 1,- - *M»< + 

(estimated (IB)) 


T. * K. 

Hr- Hrn 

: 

Afr 

isa . 


1-79. JZ»> 

(-BD. CDO;. 

uc 

(is, oec-i 

i—71, (DOi 

(-47.flCO; 

l r ODO . . 

(44, 5O0J 

: (—f 1.0001 

t-iR. HEJ 

3,aoc . 

fW. 7001 

{-5I.D001 

£— 2S. OWj 


Molybdenum Pentachloride, MoCl s (c) 

9D r S00) calories per mol* (IIS) 

Sm = m) t.u. (94) 

M P = A 67° K. (6) 

&Hu = (&,000j calories pcr mole 

B.P.= S4T K. (6 } 

Al7r = (12,000) calories per mole 

Formation: Mo + 5/2C1 5 —-—+MoQ* 

(estimated Ui)} 


T„ * X. 

Hr—Hu i 

ah; 

aF' t 

ss. 


£-90. &00j 

see} 

*CQ ... -. 

" (ii* coco 

(-44. C5CJ0) 

(-5A 0C0) 

l,0Ct. 

i (li or i 

' £-7S. 0001 

( — 31, SCO) 

1 f S50-,. 

! {». COC'I 

(-7S.0O0} 

(-0.000] 


Molybdenum Hera chloride, MoCl* (c) 

&fiyn “ (— 90 n 0G0) calories per mole {lit) 

S*n = 72.3 e.«. (11 ) 

5,P.=630° K. (6) 

i~ (19,000) calorics per mole 

Formation: Mo+SClj-—*MoCU 

(estimated (JJ)) 


r, * k. 

Ift-Hm 

Alii 

af; 



C— ID. 000'l 

C—ft2,(C0} 

, , . 

SJC. .. 

(e. xc) 

(-67,000) 

(-43.0001 

1,000 .... , .. 

Eli. Bee' 

[-67, oog; 

(-13. OCOJ 

1,500 ...... 

£k;ioc) 

(-S7.00G1 

£-H4,0001 


Molybdenum Dibromide, MoBr 2 (c) 

AH™-t+ 28,500) calories per mole (If) 

= 34.5 c.u. (If) 

J|fjp. = (1,000°) K. (If} 

A//j,= (6,000) calories per mole 
RF. = ( 1,500") K. (If) 
iHir—(31,000) calories per mole 

Form a t io n: M o + B r a -^-*M oBr 2 

(estimated (Jf)) 


r. * K 

Ht-H - 

ah; 

AE' 

29K 



' 'A. AH) 

E J A mu 

ton 

£4. ran) 


; M. UU) 

i ii. tun 

i.ran 

r cn. ant? 

i 

; ms) 

r ALU'U 

i.mi 


i 

iu mo 

{ 1 i.LII'J 

7,10 1 

(7 A urn 

i 

! | 11.UK) 

1 1 *. m; j 


4 54 




HEAT CO-S'TEN'T, HEAT-OE-EORMATION, AND FREE-ENERGY DATA 


Molybdenum Tribromide, MoBr 3 (c) 

aI/^hk {— 40,000) calories per mole (If) 

5m =43.S e.u. (IS) 

N.r.*(i.jjan k. (if) 

il/^n= (SO*000) caloric p r mole 

Formation: Mo + -J/2Br 2 --—*MoBr 5 

(estimated (/£)) 


T, * K 

Hr- //m 

ii4 j 

ifr 

TQfi ... . 

■ 

i £^40.DW>?' 

(-15,080) 

SOT ... 

£S. 0001 

• £-30.000] 1 

(—15, 5CC 'i 

1 OCX) .. ■ - 

£19. D00) 

£ — 46.000] 

£ — 3, DCG'i 

l,SC0,...... 

(81.000) 

1 

(+6,000) 

£+7. DMJ 


Molybdenum Tetiabromide, MoBr 4 (c) 

A/Jta= ( — 45,300) calories per mole (IS) 
S^*-{59) e.u, (PS) 

£.F. = 62Q S K, (15) 
iW lt K» (26,000) calories per mole 

Fori n at ion: Mo + 2 Biy--—*Mo Br* 

(estimated (12)} 


t. * n 

Hr—HpM 

Aflr ' 

AE* 

?(H ... 


(-45,300' 

C-W. 5W) 

JLOQ.. . 

£7,1M) 

r—sa. «ni 

(-28. OOP] 

l,CB0-.-___—*... 

(+6.300) 

(-33.500) 

£—17, 0O01 

1, l£fl.... --— 

{56.5CC; 

(-31, JOG) 

(-4.000) 


Molybdenum Penta bromide, MoBr^ (c) 

— 50,000) calories per mqie U 5} 

£*,= '77) r.u- (Jf) 
i 1/.P.= <S0O c K. US) 

&Hu= (8,000) calories per mole 
B.P. = (mn K. (IS) 

(14,000) calories per mole 

Formation: Mo + 5/2Br 2 -—*MoBr s 

(estimated ( 12 )) 


Tr M E. 

Hr-H». 

ah; 

ae; 

29fi,.,______ 


£—SO, COO) 

{-43,0001 

jjpg __,._*** 

.(ii’raii 

(-" fl S, 400) 

(-33.0001 

] 000 ... 

£44. OK-.' 

(-43,530) 

(-12.000;- 


(39, 000) 

(—45, SOD) 

(+4, D00) 


Molybdenum Diiodide, MoI 2 (c)) 

aHht= ( —12,000) calories per mole (I If) 
5W«{3fil e.w, (H> 

Af.^--11,000 s ) K. (IJ) 

Y = (6,000) r:dorfe? per mole 
B.A = U/200 B ) K- US) 
lHr= (25,000) calories per mole 

Formation: Mo*rI:- ? MoI; 

(estimated (IB )) 


£ 

T\ ' K. 

Hr-Him 



J*..... 

soo.. ........ 

.[i'flDoj 

(L6. 5£3Ci) 
[57. JtO) 

{-12.0K) 

£ — 15. iiB] 

i i icaV. 

^ 1—11. UuU 1 

(-21. JfW)l {+3.-DM) 

(+12.tCCi) 1 [it DCOj 


Molybdenum Triiodide, MqI 3 (c) 

a/Iart —(— 15,000] calories per mole C 1 IS) 
^ m = {48) e.u. (IS) 

S.P.— (1,200°) K. US) 

— {4S,0OQ) calorics per mole 

Formation: Mo+3/21*-—*MoI a 

(estimated (if)) 


r, • k 

H r— Hi ii 

£jft 

iff 

.... 


£—35. axo 

( — 15, D00l 

.. 

[3.0001 

f-atocon (—11. ooo) 

i. ooa... — 

1 W! _......._ 

(19.000) 

£67,000 

(-22.0001 

{+Lt3TO> 

1 (+1^0000 
£4-31,000-7 




Molybdenum Tetraiodide, MoI 4 (c) 

&H\ K = ( — IS,000) calories per mgSe (Ilf) 

£*. = £64} e.u. US) 

S.R = 695° K. (12) 

(29,000) calories per mole 

Formation: Mo+2lsr———-*MoI* 

(estimated (J£)) 


T, * E£. 

Hr—Ha* 

AH? 

A ft 

^ . 


E“ ii CC0) 

{-IS, SCO) 

500. ..._.... .-.— 

1. oco... 

I, 300..-. —-— 

(1,000) 

(-46. W0} 

I-UhOKh 

tH.WOl 

(-13.000) 

£+4. MKft 

159,0001 

£- LA,He03 

£‘4ii,0W> 


Molybdenum Penta iodide, MoI s (c) 

£-18,000) calories per mole (Ilf) 

S^=Sl.5r.u. (If) 

5 ^=650° K. (If) 

AH,.*;' (26,000) calories per mole 

Fo rm a tio n: Mo + 5/21 3 ^Mo I j 

(estimated (i£)) 


T, ’ E. 

Ur—Him 

AH* r 

AEr 

2S36.......-- 


(-15.0M1I 
(-S2.0lO>| + 

1-74.0W1! ( + 10.0®) 

{+73.0®) 

jyn ... 

is,66a) 

£31,0001 
£57, W0) 

LOCO . .... 

],KQ....—.-— 


Dimolybdenum Carbide, Mo-jC (c) 


= 4,200 calories per mole \S} 
19.1 e.u IS) 

M'p, = 2,065 s K. \9) 

Formation: 2Mo + C 
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THERMO DYNAMIC PROPERTIES OF 65 ELEMENTS 


Zone l (300''-3,000* K.) 

&F T = 4,2t)G-4-BT 


r. 


w.... 

mt- . 

*T4.. 


film. 

roc. 

jru 

«n. 




IJlC.. 


aFf 

TV * K. 

aK 

£,95^ 

1,300 ___J 

t-t. wci 

t£ ^3 

i.OCO .. 

(-£Ci0> 

0,1001 

ijai.... 

t-£SO)> 

(l.Ml 

l.iCQ._.. 

(-3. ami 

(MM! 

I.H)... 

\-l. tan 

oS-> 

i p m. 


{-ion> 

l^CO___— — - 


(-a»> 

i.flaj.^ 

t-i. SCO ! 

(—i. icon 

£QCC'... 

t-L«0) 


Dimolybdenum Nitride, MoJ^ (c) 

&H' m = — 16, $00 ceJon.es per mole {81} 

S m = 21 tJ. (SO 

Zone I (c) {29S°-S00° K.) 

C r —U .19 + 13.80 X10-*T {82) 

0+11.197'+B.SOXIO- 1 ^ 

Formation: 2Mo+ I/2N 3 —->Mo 3 N 

Zone I (29S°-fiOO* K.) 

dC-= —3.10+ 10.69X 10 -I T 
i/fr=^16>100-3,lOT+5.34X lO -1 ?' 
ifr^-ia.ioo+s.ion^r-s^xio^-i-oar 



TtWPtRATuRt^ * K 
Floua£ 34 — Molybdenum (*) 




Kkjiiki nti_—Molybdenum (c). 


HEAT CONTENT 1 , HEAT-OF"FORMATION f AND FREE-ENERGY DATA 


neodymium and ns compounds 

Element, Nd (c) 

S m = 17.54 e.ii. (/«) 

M,F..= 1,207* K. U££) 

S.Hu —2,600 calorie* cer atom 

BP. r. 3.450° K. (J25) 

Afl>“6P,D0Q calorie* per atom 


Zone I (c) (29S*-900° K.) 

C *'^5,61+5,34 X IG~ 3 T {82} 
fir- //«*- -1.910+ 5..e 1 T+2.&I X 10- J T 
F r - H- w = — Ij& 10 — 5,51 TlnT—2 .67X tD _ + 21.61T 


T* K 

Hr^H jii 

St 

(Fi—W j*i) 

T 

■j> .. 


17- W 

17. Si 

*00 ..... 

7SS 

14 77 

17. KS 

xe..,..... 

J P A6U 

21 . SI 

1 A 3K 

AXJ... 

£4SP 

B.Ofe 

Iff. tu 

71K3. ...... 

3,J30 

34. 45 

14. rtl 

)W ... 

4 2S0 

7A7« 

3(1 4<) 

von.... 

4 300 

31 Shi 

3i. 07 

l.fflW... 

(4 37V) 

(38.1) 

(31. *31 

UflJ...... 

[7,4 SOi 

(36.3) 

(£i. j'Si 

l.-JK' .. 

fo S70) 

(30- 2) 

€22- vn 

L 300 

[liTglJ-} 


(71 ill) 

; 4im 

03- tBO) 


(34. ill 

i sn 

03, M4C' 1 


(44. 90) 

] ax; 

OASfioi 


(31 471 

t r 7W 

(35, 


OSLtMi) 


(14 3001 


(ML SS) 

1 BUU 

(17 1Q0) 


(37. 03) 

£000 ... 

07 r BCB) 


(2?. 



1 


Dineodymium Trioxide, Nd 2 O a (c) 

— 432,150 calories per mole (Si) 

Sw= (4l.fi) t-u. m) 

Zone I (c) (29S°-1,175* Eh) 

C e =2S.99-r5.76Xl0- 1 T-4 159XitFT-* (J) 
10,290 + 28.99T+2.S3X 10-*r+4.159 

x 

Formation: 2Nd+3/20 ; —--^Nd^Oj 

Zone I (29S°-900° K.) 
aC, =^7.03 - 6 42 X 10"* T- 3.559 X I0 4 
aH t ^ -435,150+7.03 T— 3.2LX l0- , r , + 3.559 
X10‘T-i 

Af r = -435,150-7.03 3,21 X 10“ 1 T 5 + 1,78 

XlO i 7^>+ 115.IT 


Formation; Nd + 3/2F 3 ---*NdK a 

(estimated (I/)) 


r. 1 K. 

fJr-Hm* j 



3S6.„.... 


<-feLC££- , i 
i {“3^4.000) 
t-M3, ICO) 

1-16A tHC^ 
(-3S4 .SOOi 
(-37< QCCi 
(’2«. SCO) 

KC.. 

ill 

I’SDO....___ 


Neodymium Trichloride, NdCli (c) 

All?* - —245,500 rubric* per rnole (&$) 

^=34+ cm, [US) 

M.P. = 1,03l a K, (Jill 

A// w = {8,000) calorics per mob 

!i. P. — 0,940°) K, (6) 

Ally — (4l>,000) calories per mob 

Form alto u: N d -f 3 /2( ’ h-■+ N d C1 3 

(estimated (fJ)) 



T. *'X- 

1 Ifr-Jfjii 

1 

i7fr 

±F* r 

^ . ! ... 

“3ii 6CQ 

-327. ISO 

351 - 

l At) 


II 

_„j - 

(-344 «H) 
(-341.1051 

(-517, 
(-1K. «OS 

1,AOO _ 


.. ta.cooj 

(-33£C«C^ 

[-17i,fi001 


Neodymium TriEroniide, NdBr a (c) 


A Hht={~ 187,000) calories per mob (o) 
8 Jm =(471 e.u. {II) 
iM.P = 955 s K. [2D) 
aH v — (8,000) calories par mole 

2LA = d,8lO Q ) K. (63 

Affr“ flS.OOO) calories per mole 


Form at ion: 


Mg... 

«o..,----. 


1 , 000 . 

!,KO. 


N d+3 /2Brj— -> N d B r 3 

[estimated (ZJ)) 




aW? 

af; 


. .iiTooi 

1 OA0TO) 

(43.000) 

(-117,000) 
(-v»t. ami 
(-E96.4001 
j (-1M, 700] 

4-llB. KB 
( — 170. COO 
(-UAOOQ 
' (-136.SCO 




T.'E 

ifr-Ilm 

Sr 

A/f? 


3», ... 


W- 4) 

-43£ ISO 

( 

-4U600) 

(00... 

a. too 

0,050 
9, i£0 


-i3l oco 


:-4CA coot 

500... 

(Si 3) 

-Ul,™ ' 


-33a KB) 

MG.... 

(61,1) 

-401.300 


-Ml. 700) 

TOO..... 


(*10) 
(TO- 4) 

-4)1,350 


-3SA100) 

8 C0.,„... 

1 &,K0 
la 9M 
ZL SCO 

-431.O0O 


'—37a. 9001 

900..,,....,... 

(74. C) 

-431.000 

! 

[-373. I*) 

1 ,000..... 

(77.7) 

(-43),(KO> 


[-341, 300) 

1,100 .... 

1,300.^.. 

2 A 7 to 
39,300 

PLOJ 
(M 3> 

{-40L, DOG) 
(-43A9CO) 

1 

[-3*3. CMC) 

(-iaiso) 




Neodymium Triiodide, Ndli (c) 

- 15S.000 calories per mole (5) 
5 M -l49) r.u. {ID 
TP- 827 s K. {?£)} 

Jtf.F,= l;04S D K. {2D} 

aH* = (8.000) calories per mole 

RP.-( 1.040 s ) K. fft-) 

A//r*» (41.000) cabrii'i per mole 

Format io it: N d + 3 12 1-j--— 4 NdIj 

(estimated (i /)) 


Neodymium TrifLuoride r NdJ 3 (r) 

&Hk*= 1 — 385.000) calorics per mule (e) 
S : „ = \'2 4} f.IJ, lM) 

*1J.R= 1,647* K. i'2m 

(8,000) cnloriei per mole 

k. i6) 

ifii.OOO) calorics per edoSc 


AO 


(7 .ii 

Aifr 

\_fj_ 


— ISA WO 

■ i—isaa^] 


1.W. -.. 1 

l.AW.... 


u».ixut| 

(4*. UO)l 


i— 17V. AO ' 1 
H — ITT. aoi 
j-ieaoooi. 


I - L .4, 
r-ioii.a.p 




































































































































































































THERMODYNAMIC PROPERTIES OF 6 5 ELEMENTS 



Fig use 37,—Neodymium, 


NICKEL AND ITS COMPOUNDS 
Element, Ni (c) 

£m= 7A2 z.u. {83) 

T.P,=633° K, {82) 

&H t =Q calories per atom 
A/,P.= 1,725* K. iSS) 

AH#™ +2JO calorics per atom 

B.F. —3,073“ K. {IIS) 

d^^ = 9l,000 calories per aLorn 

Zone I (a) (29S a ^633* K.) 

C»=4.06+7.04X10^T [82] 

H r -,525 + 4.067+3,52 X 10’ 

* r-H m ^= - 1,525- 4.067in 7-3.52 X 10-17*+ 22.16 T 

Zone II (0) (fi3;i 0 -i,725 D K.) 

C,—0.00+1.80X Kri*T (8f) 

Hr-tf™=- 1,700+ 6.007+0.90X 10’'P 

* T— //»- -1J00 - 6.007^7-0.90 X 10’ 1 7 1 +33,37 

Zone III (0 (1,72^-1,900° K.) 

C w — 9,20 (flf) 

H r -H*,= -33Q+9.20T 
F t — - 330- 9.20 Tin 7+ 54.S57 


r, ■ £. 

Mr-Mn, 

S r 

r 

30.. ' 


7- H 
C,M 

7. S3 

+X.. 

tea 

7. 17 

JC& . .. 

Li® 

ID. S3 

T . 37 

BCQ. ____ 

i. la: 

12 06 

t« 

TOO... 


ilia 

9 36 

BCC... 

i.sac 

K 35 

9- m 

SOt}. *.....-,..._ flitl 


L£. U 

10. 31 

i/aft. . 

” fi,2L0 

t$. 96 

ltL 74 

l. ido... 

i, S^i 

1S.7D 

11.34 

i. mo. . 

6.7BC< 

17.19 

1L?^ 

I. aa,„.... 

7.WC 

IS.Di 

11 30 

]. *00... 


1113 

13, W 

i.ACtt.-.... 

*,710 

U. 3 

ii o: 

l-fiCO..„..,... 

LO.HO 

19.3J 

11 47 

1,700..... 

11, LLO 

30. « 

11. V. 

l.soo. 

I4.Z3C 

3i 3a 

It 33 

t, BOO.... 

r it. i eo 

33 U 

14. £2 

i, ooo._........... 

(18.073) 

(34- 31) 

(1^30) 


Nickel Oxide, NiO (c) 

AHi* = — 57„30O calories per tng-le (4) 
£,*=9.08 *.u, {88) 

T.P = 525° K. CSS} 

4Hr=0 calories per mole 

T.P. = 585 e K. { 82 } 

Aff'=Q calories per mole 
M.P =2,233° K, U£) 

Zone I (a) (29S a -525 a K.) 

C,= - 4.99 + 37.58X IQ' 1 T+ 3.S9X 10 s 7"> {<??) 
Ht-Hm- +1*122-4.997+ ia,79XlO**T» —3.S9 
X 10*7-' 

Zone II (0) (525°-5G5 fl K.) 

Cp=13.SS (8£) 

Hr—H«.= -4,347+13.887 

Zone IN (?) (565°-1 ,800° K,) 

C.= lLl8+2.02X10^7 (M) 

Hr—= —3,140+11,187+ L01 X 10 -I 7^ 

Formation : Ni +1 /2Q 3 ---* NiO 

Zone ] (2SB*-525 fl K.) 

-12.63+30,04 X 1D“ , 7+ 4.09 X 10* T~* 
AH r = -53,500- 12,53 7+ 15-02 X 10“* T* - 4.09 
XHPT’ 1 

aF t = - 53.500 +12.03 TfrT- 15,02 X IQ- 1 7 1 
-2.04X 10 s 55.397 

Zone 11 C525°-565° K.) 

4C.= 6.24-7.&4X 10'*7+0.20X 10*T^ 

~ 5S 970+6,24 7-3.77 X 10" l 7»- 0.20 X 10* 7^* 
&F t = — 58,970—6.247£n7+3.77X lO^T 3 — 0.10 
X10*7^' + &3.65T 

Zone III (565*-G33° K.) 

aC,= 3M-5.52X10’ 1 T+0.20X10*7^ 1 
Aff r ^ -57,808 + 3 54 T- 2.75XlO^T*-0.20X 10*7^ 1 
&F t = — 57,808 —3.M Tin 7+2,76 X10’ 1 7”— 0.10 
X 10*7^'+ 43.98 7 


SgSIgsB j 


HEAT CONTENT, HEAT-0F-FORMATION, AND FREE-ENERGY DATA 


Zone IV (G33 C “1J25° K.) 

AC W ~. i f, - 0-23 X 10“ a 7+ 0.20 X 10* 

All r - --57+00+ 1.&T-0.MX 10" 1 7 3 —0.2OX lO^T" 3 
A+t -57,1100 - l.OTMT+n, J4X 10^7^ - 0. ID 
X 10*^+32.827 


l,{EO 
]. ](» 


T. ' K. 


N't 





9. Lf 

-57.300 

-SO. SB 


S, ISi 

11 4"i 

-57. LH ! 

ape 


1 .41-4 J 

1 )i 47 


-46. IOC 


3. P*0 

iaoi 

-M.4M 

-+4.CCO 


a no 

30-K 

-56 SCO 

—41,900 


B. »0 

3173 

-56.40C 

-39.SOO 


7, 7S3 

33.14 

-56. 

i -37. :ja 


9.070 

3A 50 

— 56. laO 

-35. 7K3 

i ..— 

10.17 Q 

3J.S4 

-56.000 

-33. 600 

J .. 

11, TOO 

2t S7 

-5A&D0 

-31. 6C0 


13.060 

«.w 

-A5.iCO 

—23, iM 

). 

]4, i;h1 

29. 11 

-W. 5^3 

-17. HD 

s.... 

la. RK 

30, 03 

— io. 600 

-25.560 

).. 

17, XO 

31.01 

-45.450 

-S.500 

h . 

lfi, 770 

3L. W 

-5J.30C 

-21,550 

.. 

X.26C 

32. *& 

-59. 400 

—19 . 5S0 


Nickel Difluoride, NiF 2 (c) 

“158 t 000 calories per mole (II) 
5^=17.59 f,ii. {18} 

M.P. = { 1,300°) K. {€) 
iHir= (8,000) calories per mole 
S.P^C+900 3 ) K. ( 6 } 

A/fr= (48,000) calories per mole 

Formation: Ni+F*——->NiF a 

(estimated (11)) 


r r ■ k. 

Hr-H^ 

Aftr 


sss.,.„.__ 


—i,sa, ooo 

-1*6,700 
£-140, dot?) 

soo... 

(i.OW} 

(-lie. 900) 

I F OCO„,______ 

n 3,ooi i- 

( — 1J6, TOO) 

(-134,000) 
(-104. 50C) 

I.5fl0 ..... 

(34. DOC1 

(-143. 600) 



Nickel Bichloride, NiCl s (c) 

iHm= — 73,000 calories per mole {11) 

£,* = 23.3 r.u. {18) 

M.P , = 1,303 s K. {25) 
i/Jy—18,470 calories per mole 

Zone I (c) (298 5 -l I 303° K.) 

C„= 17.50+3.15X10-*7- 1.19X10*7"’ ffij 
Hr- Hrm=~ 5,750+17,50 7+1.58 X 10^P+1.19 
X10*7-J 

Formation: Ni-j-Clj-*NiCi 3 


T, ‘ E. 

Hr- H™ 

S T 

tLH\ 

±n 

296.. 


22.3 

46 
32. 61 
» Of. 

39 02 
41 6l 
42. 91 
4fi,0) 
47. 95 
4S. SO 
51,59 

-73. 000 
-77.700 
-73, 40Q 

- 73. tao 

— 7). BOO 
-11. KW 
“■71, SM 
-7TJ,900 
—76.400 
-70. 300 
-69. *50 

rjfS 

_S*CQ 
-S' JOB 

+• Srjr, 

40O... r ,„^^ 

SCB.. 

SH. 

7CCI ___' 

BCO.. 

9TO. 

i.onn. 

1. icn ,. 

1.200 .... 

Lino. 

i.&oo 

3.650 
l.-W 
T. *55 
1, WO 

11- 360 
J3.1SU 
)5. Jon 
17,310 
la, 750 


Nickel Dibromide, NiBr, (c) 

il £* = ',In ! : ’ m ,“ l0 ™ 5 per m ole aI) 

<M. {11) 

5.P. = 0,150°) K. (5) 

(36,000) calorics per molt 

Fonnatioo: Ni + Br,-—->NiBr a 

(estimated {11)) 


r. 1 e. 

H T -H m 

Cl Hr 


73& ... 


-51,700 

(“EA&XL 

(-56,K»L 

(-r.soos 

:s 

{ l7 - ISOCIJ 

503. 

1,000 .... 

i, 500. 

(4. TOO) 
ttLOTO) 
(72.00O) 



Nickel Diiodide,-Nil* (c) 


& ffw"" 23,100 calories per mole (fi) 
Sm= (341 e.u. UJ) 

S. P.=± (: f 020 <1 ]i K. {£) 

^H,m = (32,000) caioriea per mole 

Formation: Ni+ I z -^Nilj 

(estimated {11)) 



£lHt 

af; 


j 

1 

-23.100 
[-Jj.OWf 
[ — 15. 30flr 
[+ia006| 

uU, 

in# / 

(.toot)] 

(M.fiTO) 

(fiEDTO) 


Trinickel Car bide, Ni 3 C (c) 


= 9,200 calories per mole (S7) 
5w=(23.8) t.u. {78) 


Zone I (29S°-633° K.) 

ac fl - 4.62“3.94X 10" 1 7-0.51 X10* 7° 

^74,375 + 4.527-1.97X10- 1 75 + 0.51X10*7-' 
df - 74,375 - 4.62m 7+ +97 X 10" J 7* + 0,25 

X I0 i 7’ 1 + 67.13T 

Zone II (633 fl -l ; 303° K.) 

iC, = 2.5S+ 1.30X 10 _1 7—0. SIX 10* T -1 

— 74,200+2.68 7+0.55 X 10^*7* + 0.51 X 10*7^ 
AFt-- 74,200 -2.63 Tin 7-0.65 X 10' 1 7 i + 0.25 
X 10* 7^1 + 56.05 7 


Formation: 3Ni + C--~+Ni ? C 

(estimated ($/)) ' 


r+E. 

5F* r 

r*., .. 

Hill 

too., ... 
vx _ 

600.. 

TOO.... 


























































































































6F h FREE ENERGY Of FORMATION, hto» /(} -moki 


thermodynamic properties of ei ELEMENTS 



nitrogen and its compounds 

Element, Ni (?) 


45.77 t,u {S3) 
Af.F^W.lS 0 K* (JJf) 
ij/j/= 172 calorie* per atom 
£?,P. = 77.36* &- [lit) 
iHf- 1,335 calories per atom 


Zone I (?) (298^2,500 13 K.) 

C,= 6-66+1.'02 XIO^T^J) 

// T - —2 031 + 6.6ST4- 0 51X10" 1 T* 

f f — A T m= — 2,031 — 6.6677n T— 0.51 X lQ^T*—G.87 T 


at "i. 

ffr—Hm i 

St 

T 

asfe, 


45-?7 

43-77 


TlO 

■ 17. *2 

44- 24 

no!'"'!"' 

1,113 

49. 39 

is. y 

600..... 

2. 13fi 

40- 49 

47. 19 

r® ... 

2,SS4 

41. SI 

47. TQ 

*00,,..... .. 

1 696 

12 SG 

48.15 

flog..... 


a :o 

«- B5 

l k O0O ___..... 

km 

54. 41 

4B, 30 

1,100... 

*,914 

to. a 

49 $7 

l.Sffl,.,,.., _ „... 

6,722 

64. Vi 

to. 31 

ijoa ... 

7, 6® 

60 65 

60. 72 

1,400...... 

l^SfiS 

67.® 

61.15 

i.BOO,.,.... 

9, itt 

87.79 

£1. to 

l,6ftp.. . + . . 

1,700....*....... 

t,H3 


41 ffi 

10. 7iO 

M- 7fi 

S3. 40 

i,8qo—„. __:.... 

11,630 

50. 37 

617* 

l.flOO. ... ....... 

11170 

5B.T7 

to. 14 

a. doo, .. 

1X433 

60,10 

to. 61 


Dinitrogen Oxide, N 2 0 (?) 

&H$m= 19,490 calories per mole (I/f) 

^ = 52.6 e,u. [lit) 

J W.P. = 152.30 ,, K. {I/fJ 
&H u — 1|563 calories per mole 

e.p. = iS4.&s B k. uit) 

&Hv = 3,956 calories per mole 

Zone I (?) (298°-2 ) 000° ~K.) 

C,= 10.92 + 2.06X IE f*T- 2.04 X IffT -1 (St) 
Hr - H m = - 4,032 +10.92 T+1.03 X IQ" 1 T» + 2.04 
X10*7^ 

Formation: N, + l/20i3-—-+N a 0 


Zone I (298^-2,000^ K.) 

AC f =O.68+O.54Xl0- ,, T-l.B4XH> J f^ 

A^ T =l8,650 + 0.6Br+E>.27X 1 D-*T^+ 1.S4X Iff 7^ 
aF t = 1S 3 650- O.BSTfe T- 0.27 X 10- 1 T*+0.92 X10* T~' 
+ 23.2T 


T r * E. 




sJir 


*00.. 

KJO.. 

wo 

X0&5 

SCO.... 

X175 

7QCL . . 

4, 3to 

S00 ... 

5.6*5 

arc. 

A 655 

1,0)0. 

8.M5 

1,1® ... 

9.6L0 

1.300..........—- 

10.815 

1 MO . 

11062 

i'*®.,...,_.. 

IXfiii 

1,6® ..-, 

14, tol 

i mo 

1E.345 

i'too... 

17.629 

l F sm--*. 

1 goo ... 

19,170 
30.541 : 

a, wo.. 

iJ.oac' 


to. 6 

+ 19,600 

{A Si- 

19,4® 

66-02 

19. 400 

to. 07 

19,450 

61. SB 

it. s® 

to. to 

19, 500 

to. 02 

19. T® 

H. 36 

19.8® 

-ST.to- 

19,9® 


®. coc¬ 

69. S7 

ao. too 

70. 91 

90. 3® 

71, SI 

M.4M 

73.78 

20. 500 

73. to 

X, 100 

74. 45 

XI. 100 

75-22 

®,KC 

76. 59 

21.0® 


34.7® 
3ft 190 

&.ik 
so, ate 
31. tx 
to,*® 
w.3® 
31. DM 
33-700 
40,430 
43. ISO 
43. MO 
ii.TTO 
47. MO 
48.8® 
K, 4to 
53,000 
m, n;« 


Nitrogen Oxide, NO (?) 


A/fhi —21,600 calories per mote (JJE) 
5*,= 50.34 t. u. (SJ) 

ATP, —109.5 e K. (Jlf) 

AiJ M =550 calories per mole 
B.P.= 121.4“ K. (JJ£) 

A/Jf = 3j293 calories per mole 


Zone I (?) (298^2,500° K,) 

C,= 7 03 -f 0.92 X 10- 1 T- 0.14 X10* T^ 1 [St) 
H t - H m = —2,1 £4 -r7,037’+ 0.46X 10“*T» + 0.14 

x HP 

Formation: 1 (2 N, +1 /2 O 3 ——— -* NO 


Zone I (298 e ~2,500 a K.) 



0 17- 0.08 X ID’ 1 7+0.00 X } ffT 1 ^ 

21.590 + 0.12 7-0.04 X IQ -1 T*—0.06 X 10® T 1 ^ 5 
21 590-0.12 Hn T+ 0.04X 10 _l 7^ —0.03X lO 4 ^ 1 
— 2.27 


HEAT CONTENT, HEAT-QF-FORMATION, AND FREE-EN ERGY DATA 


T, " K. 


S T 



to. J4 

Af] t 1 . .. 

Til 

to 44 

mu . .. 

9.4&n 

H 0= 

eit\ 

2. SHv 

65. 40 

TWi.. 

1 WO 

6AA 7 

nftl ... 

3. 7S3 

57 . U 

KC ... 

1, W2 

to.-U 

1 tsftt .. 

5.3L6 

ti 30 

I.H«» .-. 

6, US 

60 S3 

1.S0U... 

S,Kfi 

£0. H 

1.5141.. 

7.743 

61. 5 

t IP* . ...,. 

B. S70 

62. 11 

LSJO....... 

B. 500 

62.77 

1,6®.... 

10 . 261 

to 2i 

1 L 7yc.i.. 

11. 104 

S3-7S 

1,SJM--- 

LI. PS6 

64.2G 

1,900 ... 

\1. 6-SI 

64. 73 

2.0® 

13. *44 

65-IS 


J-3L.S0C 
3L. 6® 

31.600 
2l,5® 
31,400 

31. K» 
2t. 40C 

33.600 

31.600 
3S,to<1 

31.650 
- 21,650 

25.650 

11.700 

31.700 

21.700 
2i, 700 
21.700 


30 .TOO 
10 . 4® 
30. I® 
19.600 
la. 5® 
IB. mo 
13. SK) 
15.650 

15. 300 
IS- Qto 
17,800 
17.500 
17. I'M 
16.900 

16. £50 
5(5.250 
15.9to 
15. AW 


Dinitrogen Trioxide, NjOi (?) 

aHih!= 17,500 calories per mole (AS) 
Sy*— (63,9) e.*. iU) 

M.P.= 162° K. {lit) 

B.F.=2 75 e K. (JJf) 

&Hy = 9,400 calories per mgle 


Dmitrogen Tetra oxide, N:0* (?) 

i/Jm —2,309 calorics per mole (JV£) 

5 n . = 72.73 f.u. {I IB) 

A/.P.=-2fil.9G° K {!!£) 

&H .<* — 3,502 calories per mole 
S.P. = :iiM D K. [llB) 
nJ/if=9 3 I01 calories per mole 

Zone I (?) (20$ 6 -i,OQQ a K.) 

C„ = 20.05 + 9,30X 10- l 7—3.56X [££) 

//r-//sw= -7,594+20.06 7+4.75 X 10^7^+3.56 
X10 s 7- c 

Formation: N 2 +2G 2 ———+X 2 G, 

Zone I C29K“-J,000° K.) 

aC,* - 0.03 + 0.48 X 10- 1 7- 2.76X Iff T-* 
iJ/ r =l r 372-0.93T + 3.24X 10- 3 7’ + 2 7BX Iff 7^' 

A F r = 1 -372 + 0.H3 T tn T - 3.24 X1 Q-» 7* + [ .38 X ] 7" 1 

+ 68.31 T 


Formation: N 3 4-3/20* 

(estimated (24)) 


*NA 


T. ’ K. 

Ifr-JJm 

Affr 




17,5® 
{17.5001 
(17,500) 

{33. 500) 
(39, 0®) 
(«, OOOJ 

_ _ _ _____ 

4TSCI _ ... 

K SOOT 

P. SCO) 

f^Xl ... 



T, * K. 

Hr-i/iu | 

Sr 

4H? 

ar; 

jg(| 

1 

72.73 

2,300 

+22. SQO 

4®... 

3LO60 i 

7B.to 

2.200 

30.750 

500..,... 

4.3LB r ■ 

to. B7 

2.3® 

37.6® 

KC .. 

6,740 i 

to K 1 

i.too 

*4.0® 

7® .. 

9.300 \ 

92.03 

2. Ato 

5!, I® 

sen .... 

11.9*1 

95. 61 

3.1® 

St, 0.5D 

st>i ....,. 

14.730 i 


3,4M 

\ F^i 0® 

1,0®.. .. 

i 17.56U 

3 i 

MX to 

3,900 

75. DOO 


Nitrogen Dioxide, N0 2 (?) 

A//h,=S r 091 calories per mole {lit) 

5 !M -57.46 e.u. (S3) 

Zone I (?) (29S°-2 3 000 n K ) 

Cm= 10,26+2.04 X 1C -1 7—1.51 X ItPT -1 {SB) 
H t - tf m = - 3,690+10.267+1.02 Xl0" a T*+1-61 
X 10*7-1 

Formation: 1/2N 2 + Oi—— 

Zone I (298°—2,000° K.) 

aC,= — 0,23 — 0.54X 10 -1 7—1.21 X 10* 7“ T 
. u „ - 7fiQ_n 23 7—0.27 X lO^ 1 T 1 + 1.2 IX 10* 7 -1 
\f T T =l '780+0^3TZb T+O.STXlO-^+O' 50 ^ 104 ' 34 " 1 
+ 13.41 T 


Nitrosyl Chloride, NOC1 (?) 

A/fh B = 12,570 calories psr mole (JJf) 
S™-63 f.u. [tW 
Af.P. = 21L7 fl K, (JJS) ' 

£.P. = 267.4° K. (JI£) 
a/JV = 6,000 raSories per mole 

Zone 1 (?) (298°-2,000" K.) 

10 73 + 1 .S4X 10- 1 7- 1.66X Iff T^ a (8S) 
H H m = - 3 r 83S + 10.73 7+0.92 X lO' J 7 a .+1.66 
XI ff'T-i 

Form a tion: l /2N a -+ 1 /2 
+ 1/2CU-—^NOCl 

Zone 1 (29S D —2,000° K ) 

AC,=-0-59 40,81X 10^7-112X Iff ^ 

A ff 12,335 - 0.59 7+0.40X 1E>" 1 7*+l.U X Iff 7^ 

Af r= 12,335+ 0.59 TlnT— O.40 X10“ s 7 1 +0-^ 

Xlff^ l + 79&7 


290,....--- 

--- 

5t5Q. ... 

m .... 

7D0_._ 

W.... 

B0,... 

1.0QO„—.. 

1,100__—. 

1.200__ 

1,3®__ 

I.*®....- 

1. 

1,600-- 

1.700.. .,. 

1, ECO.. ... 

1.900.. ..,___ 

8.000. 


....MO 

1,973 

3.055 

I. I BO 
5,3TO 
4,5« 
7, B30 
S, 976 

10. 375 

II. HX> 

11. ffTi 
HCV2 
U. a:a 
16.7415 
IS,300 
IB, 371 
20. BO 


iATf 


ST. 16 
K3.25 
61 *9 
M-4& 
66 .! 
67,78 
fiB.it 
70. S3 

n, 55 

n m 

73.77 
74. w 
7 Jl64 
Tfi. 62 
77,13 
IS. 3B 
IS. Si 
78.53 


5,1® 

S.0Q0 

7,9® 

7, SCti 
7,73’J 
7, 75$ 

7, BOO 
7.90Q 
7, SCO 
3.050 
8,000 : 
6.000 i 
7.900 | 

a.^o . 

a.aM I 

3.™ ! 
8.300 ! 
S. AJ0 I 


iFr 


13.400 
13,900 
IS, 150 
15-750 

ias» 

19.750 
2i .zsa 
is, aa 

24,4* 
25. BOO 

27.400 
26.700 

30. 300 

31, 7 S3 
33.300 

34. KW 

36,140 
37.7® 


290.. 
400- 
500. 


TOC...... . 

800-.....-- 

BOO.--.- —.-. 

1 .0CO„__ T .. 

1,100 .... 1 

1,200 .! 

1.300...— 

1,400--- 1 

..-- — I 

1 . 606 ...,---.- 

],7O0.— 

-— -.-■ 

[,«B..j 

2 000....._ 


!.om 

*,ua 

3,175 

4.340 
S.540 
6-77tt 
i,B30 
9.22i 
li). KW 3 
11.7B4 
13.115 
U.43J, 
IS. 1 
17. 360 ' 
Is. 

1). 557 * 


12.A10 
12,450 
3!. 330 
■12,300 

lasrn 

12.250 | 
12.250 1 
12.300 ! 
12.350 : 
11320 i 
11330 
li+iM 
12.-HO J 
12 .550 l 
11-dOO 1 
12.600 
12. 705 
12, «W 


11, 

17. 

1A 
tfl 
20 
21 
n 

24 

25 
2« 

> ? 0 
30- '+ 
si. 

12 . I'M 
33.350 
ai-C'O 
33.*^ 


'B?S§!lsSg81S 





























































































































































































THERMODYNAMIC PROPERTIES OF A 5 ELEMENTS 



g 


Amm onia f NH^ (?) 


OXYGEN 


— I I r O40 calories per mole £ J 1 £) 

£^*45.96 {35} 

Af.P,= 105-40“ K, {Jlf) 

1,350 calories per mole 
B F. -239.73 s K. {lit) 
a ^===5,580 calories per molf 

Zone 1 (ff) ( 2 <lS°- 2 t 0 D 0 ° K.) 

C,-7.11 + fi.-00 X10- 1 T- 0.3? X10* 7^> {55} 
W T - //,„ = -2,510 + 7.11 r-h3.O0Xl0' 1 7 , J+ 0 37 
X 10 i 7 t_l 

Formation: l/2Ni+ii/2H*-*NH 3 

Zone' 1 (29S c -2,000° K.) 

AC, - - 6.0+4.32X 10 -1 r- 0.55 X 10* T~* 

&Hr^ ~ 9,630—6.0T+2.16X 1 Q-'P-r 0.53 X 10 s ? 1 -’ 
AF r ~ -9,&30+6.0mr-2.J6X lo-tp+0.27 
X10 1 r"*“ 14.93 T 


r. * e. 

Hr-Hm 

Sr 


iJ'r 

?J6.... 


« « 

-11,050 

-COCO 

*00.... 


43- 54 

—•11, 630 

— UKP 

SO0.... 

l.Mb 

30- » 

-110CM 

+1,200 

SOD... 

2,3Si 

iS.15 

-12, 10C 

+3,700 

TOO........ 

S r 97J 

k a 

-ii.ua 

+H5.1S0 

800.... 

a 145 

ii 79 

-12. HO 

«.500 

KB___----- 

fl,3SC 

57 a 

-13, ISO 

11.000 

l r OO.... 

7 k SW 

St 61 

-I3.33G 

li.SCO 


I.&75 

54 55 

-13.500 

1140Q 

1,000... 

10,450 

fit- N 

-1 J,W 

sc.atn 

- 

u.«c 

sj. a 

-13. 700 

23, SD 

i T *tn____ 

U-13C1 

63.42 

-13,700 

2R.0O1 

12K'.... 

14, 33C 

W 47 

— 13.700 

28, KB 

l,(fU .. 

lfi,5o5 

OS. 52 

-13. SCO 

3T.5C0 

E r 700... 


«. H 

-13,550 

34, 400 

1.BD0---- 

19, EA' 

61 44 

-14.4oa 

37. *00 

k .900.. 

it, SW-'! 

6S. ii 

—13,300 

40,050 

2.DOT5.. 

23. 10i 

ftfi.21 

— 13, WO 

43. ISO 



Element, 0 3 (?) 

£m=49.0S cu, (M) 

Af,P.=54.36° K. (US) 

AH #= 10$ CaJories per atom 

B.F=W.\r K. {!!£) 

AHy — 1 >3.0 calories per atom 

Zone 1 (?) (25^,000° K.) 

C,^7.16-M-G0x lO^T-O+OXlO 1 ^ {££) 
//r-^= -2,313+- 7.16T+0.5UX10- 1 T^ + 0.+0 
X 10 - T^i 

fr“W«= —2 r 3l3—7.l6TiFiT—0.50X t0- , T s +D.20 
Xl^T^-O.ScT 


r+r. 

Hr -/ft* 

Sr 

(fr-Fm) 

T 

2» .. 


49 01 

*9 Oi 

... 

'"’""'to' 

SI. i 

49 29 

505____ 

I.4S5 

52 . n 

49.32 

600.... 

2,210 

M. 10 

40.42- 

TOO............ 

2,«S 

55 30 

51.03 

W5, . ... 

3,TB6 

50. 37 

5LM 

000.. __..._....._ 

*,602 

57.33 

52-21 

l.CCB..._..._. 

4.430 

BA id 

52-ri 

1,100.... 

AT® 

59. Cl 

53-27 

l^CO...... .. 

7,040 

69 72 

53-63 

1.3O0—. 

7.3ri 

60. M 

H-25 

1.400_. 

ana 

61.01 

S4 76 

1^00.-... 

a.ru 

6+67 

ii 21 

1.OD0. 

10,40 

62. 2L 

55.58 

1,700.... 

11.334 

62. 7E 

50 C4 

l.SOL., ._„_... 

L2.2I9 

63. 11 

».22 

l.KW.. 

11,313T 

^ 63 t» 

56.77 

2,OB... 

It, 153 

M 22 

57. H 


PHOSPHORUS AND US COMPOUNDS 


Element (White), P 4 (c) 


£**=42.4 r.ti. (83) 

M,P. = 3l?.4 D K. {8£) 

AH M =&) \ calories per atom 
B F = 553* K. tflt) 

&Ht = 11 ,S80 calories per atom 

Zone 1 (c) (298°-317.4° K.) 

C r ^ 22.50 (tff) 

M r — f/«,= -6 J 7M+22.507 T 

— 6,709 — 22.50T7nT+ 108.26 T 

Zone II (I) {317.4°-S53° K.) 

C,=23.50 {5f> 

Hr-ff»=-6,435 + 23.50F 

F r — //**=- 6,435-23 50 77nT+ 113.15T 

Zone III 0?) (553°-l,500° K.) 

J 8.93 + 0.86 X 10-i r_ 2 81 X 10*T^ (Si) 
/fr-J/« = 7 J 343+iS93T+O.43Xl0- 1 T 1 +2.ai 
XlO*T-’ 

Ft-M m ^7 r 343 - 18.93 Tin T- 0.43X 10"*7* + 1.40 
X 10 s T^ J + 59.17T 


T.’K, 

Hr-Hm 

Sr 

tfr-Bml 

T 

as*... 


42. 1 

42.4 

4CD .. 

2,ff7i 

51.14 

«. 7 

too.... 

ikUS 

50. 40 

45.73 

6DO . . . 

IS.J34 

81.70 

49. S3 

m... 

21.306 

N M 

54. 5! 

SB .... ■ 

ZS, 110 

57.21 

■ri.32 

KB .... - 

25,040 

59 H 

61.66 

l.BD... 

TAP*: 

93 52 

04 5 

1.100... 

2A940 

93 36 

47.06 

1^00. 

30. VA 

IS 10 

« 35 

l.Jffi..... 

aa. sec 

VL H 

71 3S 

1,«&.. 

34 Kh 

' Vi u 

73.25 

1,500 ..... 


99.43 

74 Si 


4 G 2 


HKAT CONTENT, HEAT-QF-FORMATIGN, AND FREX-EXER.GY 


data 


Element (Red), P 4 (c) 

5:^21.S4 f.K. (130) 

N.R i*B70 fl K. (lit) 
uH..h =7.350 caloric^ per sitom 

Zonr I (rl (298°-870° 1 C.) 

r p = IS.96+ 15 60y 10- J T {X>) 

U r - Htk= -6,348 - !83fiT + 7.SOX U 
Fr- /f** = -6.34S- 18.96 TlnT-T-BOx i0-*7^ 

+ 109.76T 

Zone 11 { 47 } (870°-1,500° K.) 

C '„= 18.93 +0.36 X 10- a T“2.SlX 10^7^= IBS) 
// T _ 6,293+ 18.937+0.43XlO- J 7^-r2.8] 

Xl^T " 1 

F r - H m = 6/293 -13-33 77n T- 0.43 X 10‘^+ 1.40 
X 10*T“J + S9.4TT 


T, m K. 

Hr -Hm 

Sr 

r 

. . -.. 


316* 

21 94 
22. SO 

400....---- 

2,*® 

DC 

soc. ..... 

s.au 

34 50 

24- &4 

S00... 

7.6&D 

33 88 

36.75 

700. .....— 

10,700 

*4 32 

2A0S 

500.... 

13XE0 

*S 32 

31.12 

BOD ............. 

23, KG 

59.19 

33.53 

1,000...,,.... 

25. SOU 

61,23 

35 30 

1,100..... 

27, SSCi 

63. L0 

XT. 75 

1,200.. .... 

29, £50 ' 

&i. at 

39.94 

1,300 . 

31, 8 50 

K.3T 

41. W 

l r 4O0---- 

33,771* 

ST. 83 

43. 71 

t r ^----- 

35.740 

6?. 1« 

45,30 


Phosphorus Oxide, PO (?) 

— 9,500 calorics per mole (Iff) 

£ 2 „={ 53 . 6 J c.u. m) 

Formation: l/4P 4 +l/20*-—»PG 

(estimated. (£ 4 )) 


T,' K. 

Hi- H™ 


Af% 

29 j, ^ .. 


-9.S00 


;-U. DOQl 
,-17.000} 
,-LA 500} 
,-3k0(») 
+ 21,000) 
;-Z2,®0l 

I-21.5001 
-24,500] 
t—33, SOO) 
(-26- 500] 
-17. KM} 

[ — S0C } 

4(U ___ 

(H30> 

(-!0,DO3J 


500 ...., 

{?. hb: 

[-10, 000) 


60G ..- 

(2,450i. £-13.0001 


TOfj ... 

£3, OBJ 

(“ta.SQQj 


soo! .— 

1 QQQ .,.. _ . _. 

Wr5501 

£* r S»l 

(S,*5to 

K- L3-SO0I 
(-13. S0Q> 


t ](Xt .. .. 

(6,1501 

(-13. 500) J i 

i'200..:.,,--- —- -i 

1 Jrtfl . . 

(r,«S01 

(7.6W1 

(—■14. OOfli 
(-1+0001 

| 

nm .. .. 

£1530) 

t-1 + 000) 


i+xi,...-___ 

(1.5501 

[-14.0001 

1 

C-s.aooj 






Tetraphosphorus Decaoxide, P 4 O l0 (c) 

AHwi= —720,000 calories per mole fj/f) 
5»~(67.4) f.w, M 
S.F. —631° X. {m 
A//„n= 17,600 calories per mole 

Zone I (c) (293°- 631 5 K.) 

C„ = 16.75 +108.0XlO- ] r (Si) 

Ht- . = - 9,795 + 16.75 T+ 54.0>; 16-s 7^ 

Zone H (j) (631°- 1,400 s IC.) 

C»=73.30 (ffi) 

-6,570+73.607 


formation: r 4 + oOj—- q 

Zone i (298°-317.4° K.) 

-41-55+ 103.00X 10- 3 7+2 Ox iwt-i 

V/;=r ?1 !+r li-SJr j 1 ™ i^^ox ^t- 
x; i'+“lVs.68r" r ~' 51 - 1 X10 " T ’- 1 - 0 

Zone 11 (:n7.4 a -5n:i 0 K.) 

-42.,^+ 103 OX 1 y -J T-r2,0x 1 EK T m 
A Jt T ~ — 557- 51.5 X ]0- s 7^ -2.0x 10 s T^i 

aFj—— 711,720—42.5577/{ 7—51 5 X 10~ a 7^ ■ r, u 

Xltyr-i-33.72T 7^-iO 

Zone III (5 o^^*4»31 & Kj 

C D — “-38.0-r 103,! 4 X 10 -1 F+ 4.81 x Ml* 7 ^-; 

— ?25v450—38.0T+51.07X ID -1 7^—4 SI 

aF t— ^725.450+ 38-0 TlnT — 51 07 X ! fWT': _ ■] 
X1^7^ J +1.03T ^ ^ i 


Zone IV (G31°-1 3 400° K.) 

lC,= 18.87 - 5.S6X 1D- S T+4.81 X ICMT-i 
a^r- - 722,540+ 18.87 T- 2.93 X 10~*T^ ^481 
X It) 3 7^' 

ilf r= —722,540— i^MITlnT-r 2,93 X lO^T 3 — 40 
Xlt>» 7^i+347.93T 


(estimated (S^)) 


T. ■ E- 

Hr —Hw 

Sr 


a+; 

J»i_„. 

tin.,... 

S.S50 

(67.4 ) 
(HI 37) 

-120,300 
-751. LOO 

1-654,400) 

(-tSL.SDO’i 

5CC.... 

12 , osa 

(57, 37) 

— 720. SO0 

( -609, *«] 

600 ... 

IQ, 7O0 

(110. 74) 

—T 30. 700 

(-197.800) 

TD0...... 

44.960 

(1SL (5) 

— 7C1.2KI 

( -564. 4001 

Boa......._...._ 

12, SW 

(161.36) 

-709.700 

(-643.TD0) 

900.-_ 

59. AV) I 

riffi.fi]) 

-706.40C 

(-S22.B0O) 

1.00a.. 

61,050 

(177 11) 

-707. 100 

(-502.300) 

1,100___-_1 

74. 40i i 

1 MM. 72} 

—70S. 600 

1 (-*6L,500) 

1,200.... 

1,301.. 

! &L.7M 

(IS1. SO! 

-704. 300 

481.300J 

89.1 UO 

(I9A») 

-70S. ino 

| (-4*0.9001 

1,400... 

fc, *50 

(202.44) 

-TK.OCpO 

(-430. Kfi) 


Phosphorus Triflnoride, PF 3 (g) 

AH^r>» = {-' 170,0001 calories per niqle {$£} 

5jw. = 64.1 c.u. {83i 
M.P. = 122 s K. [112) 

B.P.= 172 a K, (Ilf) 

3,700 calories per mole 

Zone I (?) (?9S°’2 r OOO° K.) 

C,= 17,13 +1.92X lCri 3 T— 3,88X 10 s T 1 ^ 1 (3f) 

- &,509+17.187+096 X10- V P+3 8S 

x it^r -1 

Formation: 1 / 4P* + 3/2 f 2 -->PFj 

Zone I (29S°-3I7.4 & K.) 
a c B = -o.ss+ 1.26 x io^r- 2 +ex tor- 1 

A- 170,700- 0.887+0.63 X 10“* 7^ + 2.GSX 10 3 T"’ 
AF t = ^ 170,700+0.88TYnr-0.63X 10-’T>+ U4 ' 

X lOT“ l + 35.337 

Zone II (3l7.4 n -553° K.) 

ACj= — 1.13+ l.26x 10-1 r- 2.63 X 10 3 T-* 

aHt— — 170,770- 1,137+ 0.63X 10- 1 7 I -2.SS r lO 1 ^ 

AF r =? - 170,770 - 1.13 Tin T- 0.53 X 10“ 3 T- + 1 M 

x io*r- l + i+i3T 


463 






















































































































































THERMODYNAMIC properties OF 65 elements 


Zone 111 1553°-1,500° K.) 

if,-0.01 + r^Vilsx 10-’T>+ 1 .ssx IVT- 

JrZ - 174 IOC - 0.0 L Tin T- 0.52 X 10->'P+0.99 
XlCT'-' + iTST 


T, ■ E. 


I T W0.. 

~- 

! h M0-~- 

.. 

i.«(J__ 

!>£!».—. 


1,170 
3, Mi 
I, 790 
6 Hfi 
&.3W 

10. jia 
a i2£ 

11, BCH 

n, ~a 

15.795 

21 , esc 


w i 
64.33 
TJ.Vl 
73,03 
77.7T 
W.2 

* 2 . St 
&4. 37 

K 06 
*7 U 

m.2S 
90.41 
91 LI 


*jf r 




Phosphorus Trichloride, PCI3 (0 

AH!*,— — 76,900 clones per mole (11) 
S-m-522t*u. (J J) 

AJPj*™- 74,500 cTories per mole 
A/ r P,= ]S2™ K. (6) 

B,P=348" K (ff) 

AJJr— 7,278 calories per atom 


Phosphorus Fenta chloride, PCI* (e) 

—106,500 calories per mole [JO 
5»i^4C.8 e,u, (JI) 

AFkt= —75,800 calories per mole 
,S.F, = 439* K. (5) 

14,000 calories per mole 


Phosphotyl Chloride, PGCb (0 

&Hzw ■= — 151 s Q0G calories per rook (JJJt) 

JVf.P. = 274 3 & K. (Jl£) 

0„P. = 378.5* K. {IJfJ 

AHr—8,211 calories per mole 

Phosphorus Tribromide, PBr* (0 

A(— 47*500) calories p-er mole (118) 
5w,= (59) tin (JJ) 

M.F.= 233° K. (6) 

B,P. = 447 D K. (6) 

calories per mole 


Formation: 1/4?*+3/2Brj - - - »FBr, 
(estimated (/])) 


Phosphorus Fenlabromide, PBr$ (c) 

— 66,000 calories per mole (J !£} 
S™={53) r.u. [JO 
aFjw=(— 41,500) calories per mole 
S,P.= 379* K. (6) 

H,* u= 13,000 calories per mole 


Phosphoryl Bromide, FOBr 3 (c) 

— — 114,500 calories per mole (lf£) 

M.P, “32S° K. {11$) 

SJ*.* 464,9“ X. (J J£) 

A Hr = 9,080 calories per mole 

Phosphorus Triiodide, PI 3 (c) 

aHW i= —10,900 calories per mole (11} 

5^ = (57} e.ii. ill) 

Af.P. = 334 s K. (ff) 

B.P-“(500"j K (5} 

AJf T = 10,500 calories per mole 


Formations l/4P < +3/2l 1 — 
(estimated (11)) 


♦FI. 


r T * k. 


&&1 

A^r 

■5S#L 


-msco 

12. ixu; 

KO.—.— 

(7, OBJ 

l- 18,300} 

{-9, »0) 


o -2oc 

P- 
C 
£ 

CL 

£ -500 


-400- 


Z -5CK3- 


T/I. 

Hr-Hwt 

ah? 

Aff 

H 


{-47, MQ! 

r-itartj) 

D0D,.,„ 

06. Wt) 







_ 









-" 

—- 

—■ 











* 



y 

X 

y 








300 500 ©00 

temperature, *K. 

Feu eke 4U.— Phoapliymr*. 


J. 

HEAT CONTENT, HEAT-0F-FDRMATlON, AND FREE-ENERGY DATA 

PLATINUM AND ITS COMPOUNDS Platinum Trichloride, PtCl, (c) 


Element, Pt (c) 

£**^10.00 e,tt, [SSI 

M.F, = 2,042.5* K. (lt£) 

A/fir— 5,200 caloric's pec atom 

HP. =4 r 100 D K. [118) 

aHy= (122,000) calorics per atom 

Zone I (c) C29S°-1,900° K.) 

c -5 74+1.34XlG- 1 T+G.10Xl0 i r- 1 (St) 
1 p 7374-5.74T+0.67Xlf>-*T I -0.10 

x lb*? 1-3 

F t ^Hw = - 1 ,737 - 5.74 mr- 0.67 x 10'* T* - 0.05 


A/fiw^E — 43,000 calories per mole (/J) 
(35) e.u. (II) 

Decomposes = 70S 0 K. p L atm Cb {£) 

Formation; Ft-h2/4Gi 2 -——,PtCi 

(estimated (H)) 


wc. 

1 , 000 ... 


K. 

Ht-H™ 

ah; 

ah; 



-4a, mo 

{-lEBQOj 

c-K.eoo 


Ci. 000) 

{-li’SOC) 

tTB.arii 



T, * K. 


St 

llr-Hm) 



T 

2!9£L _-_— 


10.0 

19,0 

*(50 ..... 

64S 

11. BC 

ID. 23 

500 .. 

1.2S0 

U.2& 

10.72 

ffic" ... 

l.ra 

2;sa> 

14,44 

11. 24 

IK „.. 

ii+5 

1L 77 

8W it „..,.... 

a,36B 

It 17 

12.29 

Kil T ____- 

3. BM 

17. 16 

12 79 

1 000 ......._ 

L5d0 

17.03 

0,27 

L 100. ____ _ ___ 

^asc 

its: 

1171 

] jfft ___ 

fi.no 

19.2i 

14. It. 

]' 30G . -_... 

a.sso 

19M 

14 S7 

1 *in ...— 

7 h fliX 

2Ci.3fl 

4-L94 

l" ffio ___ __ 

8.J70 

20.93 

1134 

1171 

1,^00._____ 

0, ISO 

21. 43 

\ TOO .. .. 

B.940 

21.« 

It £6 

t flf)Q _ >_ 

io h r*o 

2137 

1140 

((£0 ... 

11, WO 

22 s: 

it 71 

2*000__-. 

(12. 3rOJ= 

C33.E2) 

(19,30 


Platinum Chloride, PtCI (fi) 

A/f| w =—13,000 calories per mole ill) 
$**={22) *.u. HI) „ , 

Decomposes = 856° K., I atm Cla (5) 

Formation : Pt-Fl/2Clj-——*PtCl 

(estimated (It)) 


r.r K- 


ah; 

aT t 



-13,0® 

(-4 M3} 

_ 

dOCCD 

(-13, Id?) 

i-i MO) 

_ ______ 

J [EC_. ---- 

(11, M« 

(-B.W0) 

{+AM0) 



S 


Platinum Dichloride, PtClj (g) 


—29,000 calories per mole (1J) 

^=(31) an 

Decomposes = 854° K- h 1 atm Qj- (6} 

Formation: Pt+Clj-—*PtClj 

(estimated (JJ)) 


T, 'X- 

Hr—Hw 

ah! 

Xr 

jgg.... 


-.29.DK 

{-19, SCO) 

$DC 

(4 MO) 

(-3S.DCO) 

(- a son 

1 Offij _____ 

<15, MO) 

ki4, m 

t-ht OOU> 





Platumm Tetrachloride, PtCh (c) 

^Hiu— — 53 r GOO calories per mole (H) 

5 **= (so) an 

M P ^> 600 5 K. (6) 

Formation: Pt+2Ch—->FtCl* 

(estimated (/f)) 


T, " K. 

Ht-Htu 

Xt 

■ !/■; 

29h.. 


— £3, OM 
(-51, TOO' 
<- Li, CTO) 

r-A ooo) 
(-20, SOM 
(+10, 000) 

KM.,...... 

1,030 .. .. 

{^ooai 

{24, 000}' 



Platinum Bromide, PtBr (c) 

— 6,350 calories per mole (11) 
5 m -( 25) e.a. (Jl) 

Disproportionates (d) 

Formation: Pt4-l/2Br 3 --»PtBr 

(estimated (JJ)) 


T/t 

Hr—H^i 

ah; 

af; 



-6. HO 

M 

II 

. 

HE. . 

CZ.0M) 

(-10,400) 



i 



Platinum Dibromide, PtBrj (g) 

—15,650 calories per ntote (iJ) 

t*-U n „ _ 

Decomposes = 683 e K-, 1 atm Brs (o) 

Formation: Pt-rBr 3 --—^FtBr? 

(estimated (JJ>) 


r, °k. 

Hr-H*t | 

a«; 1 

aF? 

2%... 

! 

-LSAK 
(-i. 15&' 

{-12. tfQJ 

\-T, OB} 

6C0. _____ 

14, W0) 

1 

































































































































































THERMODYNAMIC PROTERTIES QF (15 ELEMENTS 


PjnHnum Tri bromide, PtBij (c) 

—24 t OG 0 ciSorks per mok (/f) 

SL»(47) *.«. (») 

DecOKiposc»=« B7B P k., J atm Brj (0) 

Formation; Pt + 3/2Br 3 —-——*Ft,Br 3 
(estimated (/i >) 


r, "i. 

Ht— Him 



JH5 .. r ,.... 


—34. COG 

{- ia roc) 

KB ... 

(a, (XO? 

(-KWlj 

(-9. ttCj 



Platinum Tetra bromide, PtBr* (c) 

&Hha = — 32,300 calories per mole tf I) 
5™=[60> e.u. [M3 

Decomposes=500 s K., 1 atm Brj [tf) 

Forma tion: Pt + 2B r t —-—*P tB v A 

(estimated (/J)) 


T, * ST. 

Kr-Hmt 


a*; 

59£,.. 


-32. .300 

{-U.au) 
f*-14. EW) 

KB . . . ..... 

{A CCD) 



Platinum Iodide, PtI (c) 

AHh*-= 440 ealari« pet mole (//) 

(25) e. u . (11} 

Dii proportionates (tf) 

Formation; Ft + l/2l a -»PtI 

(estimated^/!)) 




ANl 

SH$... 


+*40 

{-7,300) 

&33.. 




Platinum Diiodide, Ptl 2 (c> 

-'4,100 calories per mote (//) 
*5w—(38] i.u. [MJ 
Decompose* = 500° K., I atm I, (tf) 

Formation r Pt+I r — -*ptJ a 

(estimated (/J)) 


r,' r_ 


an; 


M.. 


-4,100 

{-is. 0 O 0 ] 

5—1. 300) 

4QC.„„„ 

R 0CD) 


f—1,400) 


Platinum Triiodide, Ptl a (c) 

^W" — S r 7tX5 calories per mok (SI'S 

^ii E [50) [M] 

Decomposes K., J atm I 3 (ff) 

Formation; Pb-t- 3/21,—=-^Ptf, 

[estimated (//)) 


TV 'X. 


H&* 

A*^t 

2SS„ .... 


-A 7GC- 
(-3C.D00} 

(-1,200) 
i-4, OOO) 

KB____ 

{!, ooo.; 



Platinum Tetraiodide, Ptl 4 (e) 


—11,250 calories per mole 111) 
£mk—( 54] r.u. [M) 

Deconipoeeg = 550° K., I atm (5) 


Formation: Ft+2j r -*Ft] 4 

(estimated (11)) 



TEWPEKiTLf^, "K, 


Fiacra* 41.—Platinum* 





HEAT CONTENT, HEAT-Of-FORMATION, AND FREE-ENERGY DATA 


POTASSIUM AND ITS COMPOUNDS 
Element, K (c) 


S 1*= 15.3 e. u ($3) 

M.P.^ 336.7 s K. (SB) 
aH m = 554 calories per atom 
B.P.^ 1,030 D K. (J 30) 

AH r — 18,530 calorie b per atom 

Zone I (c) (29S°-336.7 0 K.) 

=6.04 + 3.12 X1 Q~ l T 34 

-1,940+5,04 T+1,55X10- J 7^ 

Ft- H m = -1 ,940 - 6.04 Tin T- L56X 10' 1 P +26.03 T 

Zone II (D (336.7°-l,030 w K.) 

C*« 6.D3 -F 0.992 X 10" J T+ 1.96 X 10 s (54) 

Hr -576+5,03 T+0,49 X 10'*^-1.96 X 10*T^' 

r T - - 675 - 6.03 Tin T- 0.496 X 10" 1 P - 0.9S 

X10* r- 1 -^ 22.79 r 

Zone III ig) (1,030^2,500° K.) 

C T =4.90F0.054X10-iT+0.033XlO*r^ a (54) 

Hr - H™= +20,016 + 4.90 T+Q.027 X 10^^-0.033 
X10*T“* 

Ft-H ut- + 20,016 -4.90TinT-0,027X lO-’T’-O.Gie 
X10* T”!— 5.47 T 








“ 1 IB,000 calories per tnole (118) 
£„■=* (26,33 At*. (£4} } 

M,P.= 7B3* K. (/fltf) 

AHjf* 6,IDO calories per mole (T4) 


Formation: 2K + 0 3 - 


(eatimated (£45) 


*KjQ. 


M..*... 

400..,...... 

MG... 

iCC.... 

7ffi....... 


soo _ 

M06.. 

1,1 DO....... 

1.300 _.. 

1.300 .. 

L.*® - 


12, *50) 
R Vito 
(7. 3001 
(*.3001 
US. X»] 

hi, m 

in, 

(», 000) 


(HIM) 
CJ7, 300) 
(41, 930) 




-118, D® 
13U. OMT. 
(-136. 030] 

(-liaaco! 
(- liAfnoi 

f-lli.CCC) 
(-1LI.00C-1 
€— 110.0001 
(-147, 000) 
(-Hi, 500: 
(-1V4.3CO) 
t“ l«t D0tr> 
(“HI, SOU) 


AF t 


t-u 

t-S 

[-1 

(-1 


-«L<no> 
■ », iX-J 
Ami 
-+AQ001 

:-3asoo) 

+3a-sco> 


(- 


Dipotassiuxn Trioxide, K 2 0 3 (c) 


T. * F. 

Hr-Hm 

Sr 

{Pt—flmli 

T 

2SS6 - _____ , 


14 3 

141 

*00.. 

3.32* 

16- 17 

14 % 

600,. . .... 

2 ce: 

IQ. 33 

14 TO 

BOO. ... . 

% ™ 

22, 16 

17.60 

TOO..,... 

\xn 

ZL» 

14 X 

IQ)..... 

4,230 

St 21 

U-X 

6C0...... 

4904 

23-06 

14 57 

I,«G,... 

6.SS4 

as. si 

30 IB 

MOQl^_ .... .. 

24 40* 

44 19 

»-« 

I^E... 

2i. 900 

Hi 12 

34 54 

1.30U. ... 

3A367 

45. i3 

as. B 

1.400... ... 

34SH 

Hi 63 

X, S 

im_— 

27,391 

44 22 

' J7.J7 

1,600_... ... 

77.3S9 

HA3B 

2Sl 13 

i,m...— 


44 54 

BCL ia 

l,8Kl__„____ 


47. U 

3LOO 

1,900..... 

29. S4 

47. 41 

ILM 

3,000---. . 

29, £34 

47. S7 

U7I 


AHhu — — 125,000 calories per mole (Mf) 
5 w. = (28-6) t.u. (£4) 

Af.F.=7Q3 D K. (Jii) 

7,030 calories per mole 

Formation; 2K+3/20 s - ^Kj0 3 

(estimated (£4)) 


T,*K, 

Hr -/£* 

AN? 


an 


-125,0® 

-102, iff! 

40C... ... ... 

(X250) 

&S3 

(II 50)1 

{-t25,SM> 

(—94, CQJ) 

600.... .... 

(—12401]) 

[—87, S0C) 

boo.. . 


[ -$0, D001 

im______ 

f-iai.aB) 

[-71 500) 

gM.....__ 

(23. saw 

(-115, 500) 

(-640®) 

BOG . ....___ .... 

(27, lift) 
(XX WC) 

(-114 5®) 

(-W.0C0) 

tltl?______ 

i-na no) 

{^54 0®) 





Dipotassium Oxide, K 2 0 (c) 

A Hi* — — S6,4GO calories per mok (Hi) 
5 m =(20.3) e.u. (£4) 

Formation : 2K-fl/20j-»KjG 

(estimated { 24 )) 


T, * E. 

Hr-Hm 

an? 

a/; 

238. __.... 


— 84*00 

i 

-74 JDC) 

4®_____.... 

(Lsb; 

{-P.60G) 

s 

+U®0) 

MC.... 

RtSO) 

(—87,600) 

( 

SOO) 

wo........ 

4 HOC) 

(—87,7H5) 

( 

-541®) 

T®.... 

(7, 3®) 

(—97, 7T»1 

1 

—61. 4®1 

SXi ts ... _ 

{4 9K]) 

( — 87, g®) 

1 1 

-S7.0®> 

9Q0 ___ 

110. no) 

(-87. BOOl 

1 

1-54 S30) 

1 ,000-.... 

(14 3001 

(-87, 900] 

1 

.-80.0001 

1,100 .... 

(14,9®) 

(-125.4®; 

1 

;-«.«) 

U0P.. 

[17. CGQJ 

(—124. TOO) 

1 

I-r, I®) 

1,3®.. ... 

f is. unr 

(-134,0®; 

1 

;-J9.800) 

1 ,0--.. 

121,250): 

(- LSI 300) 

1 

l-3£,e0D} 

1,500... 

(31.4®:- 


1 

[-14400) 


Potassium Dioxide, KO s (c) 



utc... 


—67,500 calories per male (40) 

£ w -27 9 (.1** (J5^5) 

M.H, = 653' 1 K. m 

AH M =^ 3.920 calories per mole J 

Formation: K +0 3 ——-»KOj 

(estimated (£45) 


T, * i 


Hr-Hm 

AN? 


-17,*® 
{-ftj, 7®) 
{- ffT.WC) 
[-64 BCD) 
[-62. XU) 

( — 65.5001 
(—50, 700) 
i-ifl. 3®) 

ii, iioj 

63,BOfl) 
(4 BOQ}! 

(ii, bib: 
(lilffl/ 
(16.4a-) 
04 7i0) 




-3A 
t—S3- 

(-49. 

(-e 
E—«. 
l-p. 
(-H 


fri7fl40 


II1IIIP 
























































































































































































THERMODYNAMIC PROPERTIES OF S5 ELEMENTS 


Potassium Trio:ride, KO s (o) 


Potassium Chloride, KC1 (e) 


— 62,000 calorics per mole U04) 

.<„= (33.5] e.w. m) 

For i nall on: K + 3 /20 a —-> K Qj 

({■stimated (£4)) 


r,* ft. 

Ht-H t» 

af?T 

iFr 

29$ — -.. . — 

«C. -- ... , .. 

500—. 


-&2.00C' 

[ —4i, KM} 

.+403} 

(-61. '3501 

r — 30. MOJ 

[4,750} 

(-61. iOCU 

(—14. OOC) 


Potassium Fluoride, KF (c) 

= 134,500 calorics per mole (Jf£) 
^=15.91 *,u. {US) 

AJ.P. = 1,130* K. (3f) 

Aj/^ac 6,750 ealorict! per mole 
B.P.^i, 775° K, (5) 
aJJf— 4 1,275 ciiorics per mole 

Zone I (r) (29BM i t30° K.) 

c^ii.oa+a.nxio-’jpcss) 

Mr-E^ -3,424+11.02 7+ 1.5&X 10- J !P 

Zone 31 (0 (l t l30M,200* K.) 

C r = 16.0 OT 

Hm = — 3io+ ig,ot 

Formation; K+I/2Fj-’‘KF 

Zone I (29S°-G3G. 7° K.) 

ac,=o.s 3- o.2?x iq- 1 r+ q.ig x io* r-” 

& h t =- n+.eoo+Q.sar-o.nxio-^-o^xi^r-* 

af t = - i34 r 6oo - 0.33 mr+o. 11 x i 0 ' j r i -o. 2 o 

X 10*7^+28.957 

Zone 11 (336.7M/53G 15 K,) 

AC.-0.S4+1.91X T- 1.56 X10* 7^* 

AH r = — 135,860+0 B4 T+O.SSX 10“ 1 P+ 1.56X 10*7^ 
AF T = - 135,860-0,54 77n7- 0.95 X 10^7*+0.78 
X l0 i T _1 +32.24T 

Zone 111 (1,0;!G°-1,130* K.) 

atv-=lJJ7 + 2;S5Xl0- i r+0.37XKHT-* 

A// r = - 156,540+ 1.97 7+ \ 42X iO^T»- Q.37X 10* 7- 3 
A/+= - 156 t 540- 1.97 7/nT-1.42 x 10' 1 7* - 0.13 
X 10*7^+60,447 

Zone IV (1,130°-! ^200° K.) 

AC, ~ 6.95 - 0.274 X10”* 7+ 0.3 7 X 10*7^* 

A tf -151,650 + 6,957—0.137 X lO" 1 7> - 0,37 

X10*7-* 

AF f= —151,650—6,95 Tin T+0.137X 10 -1 7^ —0.185 
X I0*7^ s + 90,957 


T.*E_ 


St 

iWf 




15.91 
10 4A 

— 114, WO 

— 137, JOG 

40O . 

.vio’ 

a ro 

-134! sen 


500___ 

_ l J C too 

too_ 

1,760 

1IJTO 

34. ST 

-IH7J0 

— i nr! coo 


no__ 

t,4flO 

7.T70 

l. Ito 

m. ito 

».Sf 

— I2m! 400 
-134. 3to 
-133, WKl 
-1*2, TIM 
-l4A3t*F 
(-U17BIS 

— 117, sec 


* 1+ TU) 
thl.toU 
icr^uno 

I p ttB 

1,1Q0.„,_. 

1 sfif, . 

SHA 
| 31 to 


[21 

40.12 

1 (Hit 



' 

(■■ to, rion) 


— 10+175 calories per mole {1U) 
S m = 19.76 e.*. 183} 

M.P. = l r 043 a X. {SS) 

AH a = 8,1 00 calorics per mole 
B.P.= lj6SG* K. (6) 

A Hv = 38,340 calories per mole 

Zone 1 (c) (29S°-1^43° K.) 

C 5 = 0.89 + 5.20 X 1 Q-» 7+ 0,77 X10 s T" 3 (S$) 
H t - H m *= -2,920+9.807+ 2.6QX lO* 1 ? 3 -0-7“ 
XI 0*7^ 

Zone II (J) (1,043°-! ,200° K.) 

€>=16,00 {$£} 
hr- Hr* =-440+10.007 

Form ation: K +1 /2Ch - —>KCI 


Zone T (2#S°-m7* K.) 

aC p = - 0.56 + 2.05X 10’ 1 7+1.11 X l0 J T t “* 

AH T = - 103,730 - 0.56 T+1.02 X10" 1 T 1 -L LI X 1 VT"' 
AF r - - 103,730+ 0.56TTn 7-1.02 X10^= T 3 - 0.56 
X10 3 7^+18.447 

Zone 11 (33fi.7M,03G° K.) 

AC,= -0.55+4.18X ]0~*7-0,B5X 10 s 7^ 3 
aH t ^ “ 104,990 - 0.557+ 2.09 X 1 O' 1 7= + 0.S5X l& 7"' 
AF t = - 104,990 + 0.557m T- 2.09 X IQ" 3 7 1 + 0.42 
X 10*7-1+21.787 

Zone III (l p D43M r 2G0 D K.) 

5.69 - O.OS4 X 10^7+ 0.31X10* 7^* 

AH t ^ - 122,000 + 5,69 7-0.042 X 10- 1 T* - 0.31 
X10* T 1 " 1 

AF f - - 122,000—5.69 Tin T+ 0.042 X 10-^T 3 - O.! 5 
X 10*7^+79,287 


T, * X. 

Ur-Um 

s 7 

ax ; 

a/J 

us.... 


19- H 

^164, ITS 

-f7,iW 

400______ 

1,360 

23. 40 

-tOS.MU 

— 94. 300 

600.. 

1S20 

26,21 

— I(H, WO 

-92,100 

MD_.,_........ 

1 tin 

28. W 

-I04.4W 


700 

t. ISO 

30.02 

-ltM.iSC 

-ja.3jo 

BOO. ....... 

E.SSO 

n <y 

— (04.000 

-fii.900 

9M...._. 

a.otn} 

54.21 

- IfLJ. Tto 

-nxw 

J ,000 . 

9, 5DC 

ai 78 

-WU.3M 

-kl wn 

l.!D0..._.__- 

ST, IPO 

«1 12 

-115. BOO 

-7S, WO 

J 300 ... 

1t,TEtO 

44. 51 

-IIS, ISO 

-71300 

-—. 

(23,-800) 

(48. 361 

l— M 2, awi 

(-63.200) 


Potassium Bromide, KBr (c) 

AlfJ*——93J30 calorics per mole (H£) 
S„= 12,8 <.u. (S3} 

A+P.= 1,015* K. (6) 

AH)/= 5,000 calorics per mole 
B.P. = 1,656“ K. {€) 

AHt= 37,060 calorics per mole 

Zone I (e) (29H°-t f G00°K.) 

C|= UiAG+a&rX 10-*T (20) 

- 3.594 4 11.MT 1 l.lUJX 

Fonmilimi: K } l/irik; 'KHr 


Zrnn- i Ci'K 1 K.) 

df T _ 3 l o nly n» 5 r 

i// T 112+111 :MtU‘i o.io ■ hi *7 ’ 

a y T .- - yi 810 13.1*177/? T O,in v 10 1 V 9.1J7* 



HEAT CONTENT, H EAT-OF-FORMATION, AND TREE-EXEROT DATA 


Zone 11 (331° 1,015° K.) 

A r =1 01+2.33X lO^T-lTEXlO*?^ 1 

j, ^jr' = —ii*) IUO+ 1.0! T k 1.16X 10" a, 7~ I + 1 ,“BX 10*7" 

. m _ nfl I iW _ I 111 T’t-n T — l ! Cl V 5 0' a r j + 0.B1) 


T, * E. 

Hr-11™ 

Sr 

A^r 

*Fr 

2RS.- _. ,r___ * 


71. 6 

5fi. 35 
29.24 
31.69 
33, to 
JifiT 
37. to 
E 92 

| (MS >- 

-93.7W 
-9S, LOO 
—9T. 950 
-97.800 
-97. KM 
-97.350 
-97,100 
-96.760 
<-107,700 

-90.400 
-.4a. JW 
-86.000 
-S3. ISO 
-fC.ZW 
—TS. 

-7fj. 6W 
-74,40G 
-5a, 20 

4DQ... ■ 

wo... 

fiW„__ 

soo!!"i,.. 

9CO.. 

L,ooo.—. 

(1.S00)..... 

k.+S 

2.S00 

3.9M3 

S.3'.0 

6.710 

a. ISO 

9,630 
(2!, 700) 


PotassiuJu Iodide, KI (c) 

&Hnt— —78,310 calorics per mole (US) 
S m =H$ e.v. {US) 

M.P.- 955° K. {6) 

aH*= 4,100 calories per tnoie 

B.P. = 1,507° K. (i 6 ) 

AHr = 34,691 calories per mole 

Zone I (O (298°-950° K.) 

< C T =U.36+4.00Xl0-*r(Sf) 

J f r _H™=-3,565+11.36T+2.00XlO- 1 7 3 

Fonimtiori: K-hl/2l 2 “-^Kl 

Zone I (29S°-337° K.) 

AC, =0.53-5.07 XIO^T 
abJ =-77,260+ 0.S3T-2.53 X10- S 7* 

77^260-0.53 Tin 7+2.53X10^^ + 3.147 

Zone II (337°-387° K,) 

AF_= —78 500 — 0.547in7+ 1-47X 10 -1 T 1 x0-98 
XlO*7^ L + 6.377 


Zone ITT (387°-^56 D K,) 


. n _4 97+ T OiXlO“*T-l;9GX VO 5 ?^ 3 

iff;;-S0.ow-4.?TT+1,50X10-^ + 1-96X10*7-. 
Afr= -SO 000 + 4.277in7-l.50XlO" 3 7»+O.S8 

1 16,97 


Zone IV (456°-955°K,) 




r, 1 k. 

Ur-lt* 

MS .... 


400...__—- 

. ."1^290 

sat......- 

2 , too 

600...-. 

3.99C' 

TOO..--- 

3.390 

SCO... 

6, BOG 

iffil .. 

kiw 




Sr 

Mir 


H.9 

-7b,3('.i 

-77,000 

2f.62 

-«.sw 

-75,300 

31.61 

-to. 200 

-HBM 

H. 09 

-86.9® 

-TJ, 4W 

36. 2L 


-70.2CC 

28 12 

-B5.4O0 

-w.aft 

B. to 

-t*. ICO 

-65. SKI 



PRASEODYMIUM AND ITS 
COMPOUNDS 

Element, Pr (c) 

5m“ 17.49 «*U. (J SI) 
r.P.= J.071* K. (JS5! 
aHt= (320) caloriei per iXom 
JW,P.= l r -20S° K. U'2S) 

Affjy— (2,400) calorics per atom 
B.P. = (3,290*) K. U2S) 
aBv=( 2.300) calorics per atom 


296....-.- 

400-.—,. ..- 

50C. 

ecu. 

TOO. 


800.. 

me.... 

LOW. 

1,500.. 

1 , 200 ,,.... 

I.30O.*.. 

l.+Xi----. 

l.fflj.. 

1. flOO..... 

1.700...-. 

t.soo.-. 

!.«0 .,.,.. 

2. COO. , 


(«T0 

ti.STn] 

(2,0901 
(3. «05 

n,*w> 

ts. 3®; 
(K. Will 
(7.30H 
(MO!/ 

IK. 9011 
f5t. TO 11 
fl«p.SffiJl 
m.31* 1 ! 
ei2. ion 
1 n. 90U 
M3, 7W 


IT. 19 
ttS K: 
(2(5. Ml 

(22.26i 

[23 43': i 
(24 4S.' i 
(»' 

[IS.3A?. 
[27.4:;] 

(2S- 16'l 

(30,7Vn 
[31.39U 
(JL-M. 
1,J^. Cm: 
iK Mr' 

rsi 41'. 
<33- Vl 
TM 24 


IT. 49 
(17-7J} 
[18. 2U> 

(14 

(19. 361 
(19. fi3: 

.[?D sn> 
(21.03' 
121.571 
(»(*» 
(24. S6 j 
raN. <m 
(35.4HI 

126. S?i 
:"i*r ta" 
rt7 JJ5, 
^27.3!/1 










































































































































THERMODYNAMIC PROPERTIES OF 6 5 ELEliEttTS 


Dipraseodymium Trioxide, Pr r O^ (c) 

A IInt = —437,000 calorics per mole (1£9) 
S m ~{ 43.5} *.u. 124) 

Formation: 2Id - 4 3/20 2 -^Pr-jOj 

(rstinmtcrf (Si)} 


T r -E. 

Alf*j 

A f% 

».. . 

“+J:.coo 

l-4» r a«i: 

m ... 

(-OT.enn’, 

(- + H0POJ 

sno,.... 


E-4DT. Wi 

SCfJ.. . 

jnn 

(-Wt, MU', 

™... 

t*<3G. mn 

(-065. nOfll 

re. .. 

r-W. ocni 

(-38S.&00> 

pw... 

[-436. OWj 

(-3S3.5PT] 

1. IXO... 

(-C 1 -. wn-1 

(-0T5.COTI) 

I.10C... 

CASCO! 

(- 370.000) 

;,2®. 

t-«s. QOQ^ 

( —3fio r SOO) 

i.sno..... 

t-4IO, M0! 

( —3S7.000) 

i. ... 

(-410. MO! 

(-3M3.000! 

I. SQQ_...._„ 

t-wtaoo) 

(-3+3.1X30) 

L, SCC__ . 

(—+40.0QC1 

(-337.000) 

1.™.*.. 

f—433. JDfl] 

(— 330, SCO} 

L6G0...___ 

£-«?, SCO:: 

£^324.000) 

L9M,.._ 

(-139. M»1 

(—317.000) 

loco____ 

I—OB. 000) 

(—311), 500) 


Praseodymium Trichloride, PrClj (c) 

A 5***“ j f^ r090 taJarEea par mote (IE?) 

5s»=f34,5) c.u. (If7") 

M.P = |,059 Q K. {£$} 
a/fi,- £5,000) calories per mole 
ftp.-tu&n k. ttf} 

&Hr = (46,000) fabrics per mole 


Formation: Pr+:l/20l, 


(estimated ( 11 )) 


*PrCl 3 


TV - X. 

Hr-H„ 

A/r? 

AFj 

?* .... 


-35?, CSC 
(-151,000) 
(-247.500] 
(-133,+UO) 

f-SM.OCB) 
(-Ml. 5005 
(-19&OOH 
(— ISO. KG! 

&X 

1 ,-OCSO_ ^ ’ 

(5,000) 
(19. BOdl 
(«.D00l 

l.MK.. 



Praseodymium Trihromide, PrBr 3 (c) 


Praseodymium Dioxide, PrO, (c) 

i — —230,500 calories per mole (24) 

S^22,9 *.u. (£ 4 ) 

Formation: Fr + O a -*Pr0 2 

(estimated (£ 4 )) 


T", m K, 

aw; 


K6__ 

-230. 5C0 
r-jta.5D0i 
£-230.500) 

(-130.0001 
[-230, 0&Jj 
i-7K. 500) 
(—230, 500) 
(-230. 500) 
(-23L.0CO1 
(-33LOCO} 

-2E? 

4Dg..... r „„.. 

|_213. DCO] 

SCO. 

{-aoeisom 

flon. ,,..... 

TOO............ 

( 204, U00j 

SO,.... 

[ — 200, COCO 

«B. t __ 

___ 

I.1W. T . 

i.jyc 

(-ISliflOO) 
(-137.000) 
(-187. 5ft)) 


(— 176. 00O) 


Praseodymium Trifluoride, PtF 3 (c) 

A Wj*= f — 38S r 0GO) calories per mole ( 5 ) 
^n= (25) e.u. (H) 

A/ F. = ] r 665 5 K. (£9) 

(8,000) emeries per mole 
B.P. = (2,600 a ) K. (6} 

(62,000) calories per mole 

Formation: Pr + 3/2F 2 ——-->PrF a 

(estimated (//)) 



7, *E 


Air* 


*Fr 

las.. 

soc.. 

J.CCC...,. 
i.soc. 


(L7.00C.J 

131,000) 

(“3S?.CXB) 

(-3SR.0G0! 

(— 3S5.0001 
f-3as.ouQh 

1 

1 

:-389. JOB) 
-3SS 0001 
[-328.0001 
! —303.000) 


- 189,000) Calories per mole (£) 

5i.= (4fi) *.u. (£/) 

M.P.*=$fr 4* K. (£9) 

=(8,000) calories per mole 

B.P. = (} r S20 a ) K, (6) 

AHr= {45,000) calories per mole 

Forin ati on : Pr 4- 3 /2B r } — -*PrB r 2 

(estimated {/})) 


T. • K. 


All? 

An 

!ffl.... 


(-1S9.0QO) 


KC 

(5. OCK?! 

f —182, OoCl ; 

som 

1.0QC'__ 




( —. 2 J7 3ocj} 

(— I +a, ccdj 



' l&L 30Q) 

(— [27.000] 


Praseodymium Triiodide, Prl 3 (c) 

162,000 calories per mole (A) 
Sne= (SO) e.u. (J/) 

M.P r = 1,010° K. (£SJ 

= (8,000) CflJoriea per mole 
B.P r = (1,650*) K. (tf) 

A—(40,000) calories per mole 

Formation: Fr + 3/2l 3 -—*PrIj 

(estimated (/i)) 


T, ■ X 


4«r 

AF* r 

298... „„ 


—1S2 000 

t «-■ tm f¥¥TV 

500 ...... 

(5 ,am 
(19.0001 
(44. D0Q] 

(-183,400) 

(—is)- ooo: 

(-165,000) 

\ VyiJ, WJUJ 

f ■“ LADD 1 ! 

1.000. 


1.500........ 

{-w’ocC';. 



470 


AF, FREE ENERGY OF FORMATION, 


MEAT CONTENT, HEAT-OF-FORMATION, AND FREE-ENERGY DATA 


-250 


-300j- 


FrO, ^ 

FrOj 






5DO 500 Ip bo Ii00 2£QQ 

TEMPERATURE, - K. 

Figure 43.— Praseodymium. 


Formation: Pm 4-3/2 F,- +Yml\ 

{estimated (//)) 


r, * x. 

Pt 

A.11? 

AF7 

25fl..*__ 

_ __ 

(-m. COCn 

f-i54 SJOl 

1,000 . . 

" u'ofioj 

(- >J, OTJ i 

(“361 OK; | 

(—352. 5KS] 

1.5.X, ___ 

(3^ QUO' 

£-3?2.nQC|-| 



(-375. Sft i-i 

1 {-2M.SJQJ 


Promethium Trichloride, PmCl 3 (c) 

&Hrn= ' —227,000) calories per mob fj) 

&7<x = (39) e.ij. f/I) 

M. P. = 1,010° K (S) 

— (8,0001 calories per rnolg 

B.P =(1,940°) K. (6) 

AHy^= (46,000) calorics pn r cnole 

Formation: Pm+3/2Cl 3 -—-*PmCI, 

(estimated (11)) 


T, 4 X. 

I 

? 

Affr 

afr 


1 

t-ssr. <K 0 )| 

(-225,**; 
(-222.3001 

(—KM, 00ft; 

! (- 211 , 0 cm 

(-2C0. 00U| 
i (-ITS. 001) 

j MK,sa>p 

&0C . . 

l.OCO. ... 

1.500.... 

ill 



PROMETHIUM AND ITS COMPOUNDS 
Element, Pm (c) 

S m = (17,25) t.v. (121) 

M.P. = 1,573* K. (125) 

&H m =( 3,000) calories per atom 
B-P.^ (3 1 000' a ) K. (125) 

A Py — (70,000} calories per atom 

(estimated (J30)) 


Promethium Trihromide, PmBr 3 (c) 

&Hh\= 183,000) calories per mole (5) 

(47) e.u, UI) 

A/.R- 950° K. [6) 
i Htf^= (3,0001 calories per mole 
B.F.^(t,300 a ) K. (6) 

AH y *= (45,000) caloric per mole 

Formation: Pm-r3/2Br a -*PmBr a 

(estimated (21)) 


T. ’ K . 

Hr—Ht n 

Sr 

(J'r- 

1 


2 fiS . 


G 7. 35) 


17,251 

4ft... 

(fiiO) 

(19. IS) 


E7. 4&) 

500.. ___ 

(1.36O) 

(20. W! 


17. 97) 

R0U.. 

(2,070) 

(23.«) 


la S3) 

roo , ___ 

(2.810) 

(23. 13) 


19l 11) 

800.. 

(3, S70) 

(24 141 


If. BB: 

K0... 

(A fc»l 

£2a 07] 


21131 

1,000 ...... 

aiTD] 

£2A 921 


90,75) 


(tt. 010) 

(36- T2) 


Tl.») 

1 .2ft.. .. 

■ft 870 S 

(37,177 


31- TS) 

W.-. 

b F ™> 

(38-19) 


'XL 22) 

1.400...... 

ft MO) 

(IS. H) 


22. S3) 

I r soo....... 

ft, 3«) 

(29.64) 


13. 40) 

t.fift.... 

(14.3 BC) 

(K m 


aw 

] ,TTJ0.... . 

(13. *0) 

(32 54) 



3^100,, 

(L4, 780) 

(H. vn 


7< ff) 

3.900-.... 

(15. SCO) 

(13.31] 


[2113) 


liassoj 

<33. *4} 

I 

St 14) 


Promethium Trifluoride, PmJj (c) 

^ Hz** —{— 333,000) calories per mole (5) 
fm 3 (24) f.u (//) 

A/.F.-1,6S0 q K. { 6 } 

AHm = (S,000) calories per mole 

B.F.= (2,fiOO") K. (6) 

aHv — (62,000) calories per mole 


T. " K. 

Wr-tfai 

iff? 

afr 

2Sfi .. 


[-ISJ, CCOl 
(-193. BOO’, 
(-193. SO) 
(-SB. Oft! 

( — ITT. 0ft] 
(-3*7. (3001 
(-142, DOQl 
(-123.400! 

5CD . 

(5.0001 
(ft Oft! 
(+3. 000) 

I 000 ... ....... 

1 600 ...... 



Promethium Triiodide, Fml a (c) 

131,000)-calories per mole (5) 

S:*-(49) c-K. an 

M.P,= 1,070 s K. (6) 

AW^=(S,00C) calories per mob 
B.P. = U.540M K. (6) 

Af/r=(4l 3 000) calories per mole 

Forrnatioji: Pm-r3/2l 2 ---—^PnnU 

(estimated (//>> 


TV Z, 


AMt 

af; 

jt# .i 

) ......... 

1 (-131.000) 

(■_ tig. oft) 

St .. 

1 (5.000) 

1 r-iJi*M!i 
(-1HS.M1] 
(-137.3001 

[—EllLftO-J 

IJOW —.. 

E SOC' ... 

(]9. 0001 
(+4- KM! 

(^57. 0ft! 
t-ri.sft' 


j 

! 


















































































































































































THERMO DTK AMXC PROPERTIES OF 6 5 ELEMENTS 


« -50 - 

1 


S H50 
Q -zoo 


, -Z5Q 




-““T 




u 


1 

F® ^ 

H 


_J]> 

( 

1 

- 










^ w > 





) ^ 





TEMPERATURE. K. 


Figure 44.—Promethium. 

RHENIUM AND ITS COMPOUNDS 
Element, He (c) 

Sm— 8 89 e.u. (IMS) 

M.P. = Z t 453° K. ( 113) 
aHm-HBOO) calorics per atom 
B.F. = 5,9CK5 5 K. (JJS) 

Zone I (c) (29S°—1,500 6 K.) 


Formation: Re+ 3/20*- 

{estimated (f 4)) 


T. *X. 


aHl 

*F\ 



(-MT, men 

( — 1^ pcO) 

..... 

+».. 

h 30C '- 

[—?+e. a»i 

i-ia, 500) 

SCO.. .... 

no. *JC5 

(-1*6. OOJ} 

[-114. SGCl 

KC.. 

--(]J. TOO) 

f— 13 *. 5ffi: 

(-111,6001 

raj.. 

(IT. 0001 

Hr. 000 } 

(-107. 

we... 

(19. KO I 

(-13ft,{J00i 

(^|03.&TC1 

wc... 

{E3.300!- 

T-Ut 50CI 

f—fls. sj:} 

1 , 000 ..__ 

(36,700} 

(-S23.D0C: 

t-iiwo: 


Dirhemum H&ptaoxide, Re^O; (c) 

— 297,000 calories per mote (8) 
Sn=m e.u. (U) 

M.P,= 559 D K. </f£) 
iHjf— 15,340 calories per mote 
RP = fi35.5° K. (fjf) 
i//v=lB;,060 calories per mole 

Formation: 2 Re + 7/2Gn->Hei0 : 

(estimated (£4)) 


r, * k. 

Wr-ifni 

ah; 


K« .„„.J 


-397. KE 

(-251 0001 

401 ..... i 

. 

! (6,300) 

(-395, 5C0) 

{-337.000} 

S£U ....! 

! (10.600) 

(-■2&4.0CS1 

(-£□.000) 

SB.......---- 

(31 OOOl 

(-376 3001 

(- 209. 5£»i 

TOO..... 

iW, D001 

{- iS, 7, S00! 

[-3*15001 

BOG. . ....... 

IS. 200} 

[-337. HB) 

(—tsi eooi 

SCO.... 

[61 WO) 

(-356. OGC) 

(-1&A KOI 

4.000, ... 

(57, 1001 

t-asi. OOOj 

(-iracoo! 

1.100.... 

(7), 3001 

! t-moooif 

(-LS7.5K) 

i.as... 

1 (75 . ski: 

(-CSi S3Q} 

H 69,5001 

1,3m........ 

i 179, SO.» 

(-356. JCOi 

(—151. W*l} 

\.*oa . 

: {ki. vxn 

. (—lifi, 50C) 

1-1 43.0001 

J,5*B.. 

(83. «Xi] 

| (-253.500] 

t : 

(-134.3W>I 


5,66 +- 1.30X 10- J T <$*) 

H~ l .745-T5.66T4-0.65X IQ-'T 1 
F r “ - 1,745 -5.66 7InT- 0.65X 10-*P + 33.39T 


T.* K. 

Hr- Hj*. 

St 

_(rr- Hsp) 

T 

as.... 


K.S9 

6 99 

400.. 

K6 

10 . 6s 

a si 

500___ , _ 

3 h 24P 

11 W 

059 

....,.. 

l.JW 

1125 

10 . 10 

TOO.. 

1550 

ti. 2fi 

10 42 

MK). 

3, 710 

15 14 

n. u 

SCO. ... 

X*B> 

15-93 

11.03 

i.ciio . ... _ 

1.570 

16. 66 

E3.» 

1,300 ... 

6270 

U.33 

11 S* 

1 ,270. 

5,yM 

IT-91 

12 96 

1 Jen___ 

artij 

k.« 

13. M 

1 ,*HJ. 

T, USD 

19 (H 

13.75 

I.5DO 

Mv220 

19. 41 

EH. 13 

1 ,«UU ........ 

{X.9901 

1 ( 20 . m 

(H. tK) 

1 r 7nc. 

i.HB-.... 

Lax.. 

2,000 

(9.7705 
<10. 560) 

(K-56) 
1 (21,05) 

(14.60 
(11 15) 

tll H 1701 
U1 130) 

i (21. 15) 

(31-M) 

(11 47> 
<11 79} 


Rhenium Trioxide, ReCh (c) 


f — 147,000) calories p^r mole (itt 
>Sna=U8.6) e.u. (i J 4) 

= . 1 ^ 3 ° k. (M4) 

5 r 2tt0 calories per mole 


Dirhenium Octaoxide, Re^Oi (c) 

djF/fM= (-303,500} c&lejries per mo5e (541 
S IM =f41) e.ft. (U) 

= K. (U) ■ 

&H M =*3 r $0Q calories per mole 

Formation: 2Re + 40j———~+ReiO* 
(estimated (£4)) 


T. * K, 

Kr-//p< 

a/;; 

if r 

2&)...... 


(-jiKmn 

(-317. DOG) 

___ . . - -- 

Efi. EiH'f 

t-306. 51771! (-239. SW) 

500... 

tf». 

(17.3(30) 
(21 W>) 

( -739, SIXl)! (-T3AKO) 
C-»1500i[ {-709.au) 


Rhenium TrLfluoride, ReFj (c) 

( —170,000^ calories per mole [■#-) 
t’itP r.n. ■ f ?) 

K-U21 

- ( 1.1001 fabrics per mole 
K. -4^ 

Ally= (37,0001 titlark* psr mob 



HEAT CONTENT, HEAT-OF-FQttMATlQN, A-ND FKEE-ENERGY DATA ■ 


Formation. Re + 3/21 


■*ReF 3 


(estimated (11)) 


Formation: Re + 3/2t'U- 

(estimiUcd (11)) 


^ReCl! 


T,' K, 

Hr-Hsu 


AF'f T. ■ E. 

Hr-It™ 

£lHt 

aFr 



(-176,000) 

, (-189.500) 

! (-S&6,400i 

I (-1SV3O0) 593. 

t ij 4 Lrm V)T, 

(icon 

•(19,000) 

(—15. EDO] 
( - 52. SCO) 
[-*9. 70U) 

(-39, SKI 

1 I-3S. SflJr 

1 (-6,000) 

son --- 

i.Otw ..-. 

(17. 0OQ] 

1 ^-J| j .... . — 

| (-lLtEJK) l r KO.--— 


Rhenium Tetmfluoride, ReF 4 (c) 

220,000) calorics per mole Ut) 
36) c.'j. (U) 

M F, = 39S 9 K, (6) 

500) calorics per mob 

& F. = ( 1,070°) K, l£) 

±Hy= (27,000) calorics per mole 


Formation: Re+SF^ - 
(estimated (11)) 


*ReF| 


Rhenium Tetrachloride, ReCh (c) 
i/i , ^ s = ( — 60,006) calories per mole (If) 

s^(m) *,u. (jj) 

Af.P. = (45Q°) K. US) 

Afl M - (4,000) calorica per mole 
F.F.-650 0 K. Uei 

000) calorics per mole 

Formation: Ke+SCR'^——- +E.eCh 
(estimated (J/)) 


T, 0 E. 

Hr-Hm 

AH‘ t 1 




(-73), OK) 

i-zi a. 500! 
(-2H.3®) 

<-209.3001 
Ho(,DQCD 
(-169.003} 

. 

fs,Ka} 

' 

1 r odb__-r- 


r. * e. 

Ht-H™ 

dffr 

ar* r 

■ 


(—00, OKI 
(-54.600] 

( — 41.0001 
(-28.000) 

yr. ... 

(6. OK) 




Rhenium Pent a fluoride, ReF* (c) 

5 *= (-225,000) calories per mob (ff) 
S TM =(59) e.u. (Jl) 

M,F =(39S 5 ) K. U*> 

^*=>(4,500) calories per mole 
B P = (660°) K, US) 

AH r = (15,000) calories per mole 


Form ation: R e + 5/2F 2 - 


^EeF s 


Rhenium Pent a chloride, ReCl 5 (c) 

AHhi= (-70,000) calories per mole (11) 

fi«=( 66 ) «,u. (in . 

M.P.^lp 30°) K. (5) 

&Hh = (9 OOOj calories per mole 

B-P. ™ (600 a ) K. 

Atfv= [14,000} calories per mole 

Formation: Re + 5/2Ch — 

(estim&tad (7J)) 


(estimated (11)) 


T,E- 

Xt-H™ | 

iH? 




| (-moon 

(-3CHi,000) 

500... 

--- 

(ii 

j (-318,000} 

(—192, 6003 


T, * E. 

H r— 1 

Aitff 

Aft 



(-TO. occn 

[-47.4001 
(-33, 000} 

SCO... 

(LOW) 

(—44, MB) 


Rhenium HexaOuDride, ReFi (0 

&H’ m = —278,000 c&lorics per mole (US) 
S TW =(7&) e ujif} . 

255,000) calories per mole 

M>.-=292° K. (6) 

A/fjw=5 3 000 calories per mok 
e,P.=32r K. (€) 

calories per mole 

Rhenium Trichloride, ReClj (c) 

—55,000) calories per mok (If) 
Sl« = [3S) e.u, {It) 

M F. = U,000 s ) K. {€) 

aHm — (15,000) calories per mole 

S,R=(MOO“) K. 

£tf r = {27 r O0G) calorics per mok 


Rhenium Tribromide, ReBr^ (c) 

(—32,700) calories per mole (U) 
=(44) e.u. (ff) 

M,F.-(900 D ) K. (6) . 

All M * (13,500) calories per mole 

S.P.«U r QD<n K-($) 

(25,000) calories per mole 


Formation: Re+3/2Br 27 

(estimated (JJ)) 


^EeBr 


, 

-" 

T. ‘ E. 

Hr- Hut 

i/f? 



c-g.*3; 

(-43.Wi! ■■ 

(-40.3OJ.tj i-rlO.-* 

500 .—-.— 

(18.000' 

------ 








































































































































































































THERMODYNAMIC PROPERTIES OF 65 ELEMENTS 



r, ■ e, 



». .. 



(-410. S0P1 
(non 
[-3*7, S0r,> 

VIC 

MX . .. 



litt.. 

j . 1 

3 

Ton, 

j *-jjj. ^jq ; 

i 

[-JDl.ffif? 

m.... 

J 

1 

-3Jii. ■ NTT. ;■ 

vx 

3.CU1. . 

3. inn__ ’ ”* 

t—ync i 
<-401.0001 
j-J^.SOCi 

j 

j 

[-3TK.5WJ1 

-JlTLifl!- 

!-3fie.Dw> 

MTfl.. 

1,300. 

I. «0_ 

LiX.. 

(-425, mo} 
(-425. WXJ? 
j-gSMO^ 

i 

i 

i 

[-SM.50O1 

-347. 

l-HS.OjO] 

].60C 

£-43*. 51}} i 

i 

i 135. OCOl 

3.SP0... „ 

i 

;-i39.™s 
:-322.SW3 
!- aii.sxij 
-300. mu J 
,-302,500) 

2, OOC,. 

l-43a,0OQ)| 



( 


Samarium Difluoride, SmT, (c) 

A^,= f-2?2 r 000j calories per mole (5} 
* s i»=(23) e.ir. (in 
M.P.= (l,m a ) K. (19) 

= (5,000) calorieg per mole 
B.P. = {2,700°} K. (6) 

(7g f 000) caJaries per raole 

Formation; Sm + F,->SmF 3 

(estimated (11)) 


SAMARIUM AND ITS COMPOUNDS 
Element, Sin (c) 


(16.32? ?,«. mi) 
T-P.-UW K. UBS) 
i (360} calories per atom 
{1,325°) K. (IBS) 
j&Rw = (2,650) calories Mr atom 
RF.= l,SSO° K. fj£j) 

&Hy= £-45 p 80O} csJoriea per atom 

(estimated (130)) 


T. * J£, 


Sr 

(Fl— Him) 
T 




{18 H) 

4D0 . 


08 32J 

oiai 

06. 77] 
(23- DB] 

ax- ' .. 

6QC. 

(1. J7Q} 

(16. 55) 
(17.GC) 

■no . 

1 

(17. *0) 

au _ 

Jr rr? J 

(22. S) 
(23.27) 
(24.22) 

fit 1H] 

flCO 


0 k. 7fi) 

i.noi} 

(I 250' 

(19.32) 

3,'An .’ 

1.30J . ... 

(6. UOi 
(T. 3501 

(2J.M) 
£25.91 ] 
(36. Ml 

{»■»» 
£20. 30) 
[20. S& 

i.vx. 

usoo .... .. - 

1.400 ~ 

fil.fiOOl 
riJ. 4KM 
<13.200)1 
04. OCDlj 

(37. B2] 
(30-21) 
£30- T6) 

(21. Ml 
(31. Ki 
(22. 50] 

1,7D0,„. 
i.«oc_ 

(31. 28) 
£31- ft] 
(32. 22] 

(23.03) 
[a S3) 

3.600 . 

£51,' 3401 j 

[si, vtn j 

£24.00) 

2.000.. ”” 

(57.04) 
(57. Mj 

(34. 7ft) 
(26,39) 


Disamarium Trioxide, Sm 2 O 0 (c) 

= C:klnriw P" ln o]i Wi) 

Formal i Wl: 2Sm-h V20,—- 

(estimated (A})) 


T. "K, 

? 

i 



.. 




sou. . 


f »"^T3L, OlO' 1 

(“2S9. SM> 
(-251.0001 

i.cno_ ' 


l-m ™j 

( —270.800] 

1 .500.. 

(ulroo) 

(-232. COO) 
215. MCO 


Samarium Trifiuoride, SmJ 3 (c) 

A ^* s= f — 380,0001 calories per mole (£} 
in*— 27 t -U r (Ji) 

M,R^(i T 570 e > K. (*p) 
a/f.v = (8,000) calories per molr 1 
RR= (2.600°) K. (6) 

&Hy— (62,000) calories pur mole 

Formation: Sm + 3/2F 3 -+tfmF 3 

(estimated (//)) 


T. * K 

Hr- Hih 



2 W_ 



(— 3W1 DOO) 


MH . . . . 


(i'oocj 

(17,000) 

(32,000) 


I.OtXi.. 


S IT-' rtfioi 

(-nt! oooi 
(-2S3.500) 

l.i». . 


( — 17 s! ^0) 





Samarium Dichloride, SmCL (c) 

- 195,600 calorics p*r molr 
— 3U c.u. (//) 

W.r.--Al, p i B K. (!S) 

mlnrirs |ht iriiilr 

n.r k u;\ 

A //1' (Jm.IHMJJ rmliirir.i \m-t im,|r 

Formm.ion: So* f ( l | ? v Smi 

(cstilmitnl (//)} 


4 74 


HEAT CONTENT r HEAT-O F-FORMATION, AND FEEE-ENERGY 


data 


r, ■ k. 

//T-i/n. 


AF\ 



^igs. «yi ' 
1-iM y«)! 

(—193, ■gnn) 

£ - tff - . 4»j 

\ (-1*4.000) 

1 (-177,000) 

(—IBO.OdB) 
j ( — 146. OTO) 

. 

l.ixc"."!”"!”!!!"!!!!!’.! 
1,10). 

(4, 0CX1) 
(13.(50.1) 
(21. IX VI 



Samarium Trichloride, SmCl 3 (c] 

(— 223,000) calories per molt HI) 
39) r.u. [11} 

k. (m 

Ari r jw = {ErOOOi calories per mole 

Decomposes- (S) 

F ormation: Sm 4- 3 /2 Cl a -m C1 j 

(estimated (ii)) 


T. " E, 

ffr-Ktti 

Jifr 

AF'r 

3M„. 


f-m KB) 

f-msoo} 


(5,000) 

(-23L.900) 

(—196,000) 

i , o66.' ~ V.V.V .'.!!!!“! 

(lt.OOJl 

(-213.70G? 

(- 172,000) 

l.aoo_____ 

(42. DO01 

(-ac4 r oo0) 

(-152,000) 






Samarium DiLromide, SmBr* (c) 

(— t57 r OOO) calories per mole (5) 
(35) f.ii. ( U) 

Af.P. = l&l* K. (£5) 

AR,v— (6,000) calories per mole 
B.P.= (2.150°) K. (6) 

AHr*= (50,000) calories per mole 

F orm a tion: S m -1- Br*-*SmBr j 

(estimated (J/)) 


T, * Y- 

Nr- Nm 

iHf 


296 ..... 


(-157. 0001 

(-150.000) 

5CD,.... 

(4. 0001 

(-163, B001 

(-14A0OO1 

1,000. ____ 

(20, 000) 

£-156.7001 

(-ITJ.IKE] 


(32. DOQ) 

(-155 BCD) 

(— 1 Li, DOC) 

... 


Samarium Tribrcmide, SmBr 3 (c) 

(—1SO T 000) calories per mole (5) 
(47) a.u. (11) 

M,P. = 937° K, (5} 

A//jrf~(8 P 000) calories per mole 
B.P.= [ t § 75" K. (51} 

AHr— 46,100 calories per mole 

Formation: Sm-r3/£Br^-*SmBr, 

(estimated (JJ)) 


T, ■ K. 

Kt — Hm 

tHi 

4.P7 

299 


(- iso. orai' 

(-190. 60J' 1 ■ 
(-1SB. 3C0 
i ( — 177.20Q) 

(-173.500) 
£—163.0001 
(-138,000) 

£ — lit. 500) 

500..... 

14 0001 
(16. 0001 

142.000) 

E,noo„,...,**.*„.! 

1.500... 


Formation; !vu + I^_. 

(usCumiLnj (11)) 




iffi 

1 , 000 ... 

LSfri. 


h, qucu 
£ 19. ooni 
{3L,ttEi 


AO 


1^121 man 

t-Jtt (Will 

(- l-J. Kill | 
( - I2l. iGOi | 


(-114 Sun 
f-gv, (nii 
(- fen, SIT] 


Samarium TriiDdide, Sml 3 { c } 

■iRsM = {— 127,000) calories per moic LS) 

5™=(49} au,(Zl) ^ • 

Jtf.P.*U23 e K, (5) 

&R. 1 * = £9,000) calorics per mole 
Decomposes (ff} 


Forma f.irm ■ Rmn/lT . 


„ T 

^^ - 1L1 ' T o 

(estimated (//)) 

m l 3 

r,* j. 


aNf 

4F9 . 

IS6______ 


(-177.0001 
( — 1455, tCG) 
(- L44.WG1 
[-133. 9DO) 

[-125, ®)| 
(-113.0001 
(-86. 0CO) 

Wo___ _ 

1,000. .... 

1.500. 

(5. oral 
(19, 000) 
(H 000) 


(-62,500) 


E HOC 


] ’300 


SftXi 

Sjmj 



“3 

U 

__JtJ 

“l 

S»Ci| 

.J 


r— 


Wij. 

t-Clj 

5*4% 

r- | 

——iS 










Kfl 










r" 





300 500 i£Q0 \50C ’ H£300 

TEMPERATURE. ' R. 

Figure 46.—Samarium. 
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THERMODYNAMIC PROPERTIES OF 65 ELEMENTS 


SCANDIUM AND ITS COMPOUNDS 
Element, Sc (c) 

5™-(9 00^ *-ic (7) 

K. asm 

i d tf v = <3,S50) caJ.orire per atom 

bp.-[2,150°) k. f tm 

&H V =( 72 3 S50) caloric per atom 

(estimated (ISO)) 


TY*F 

JJWfm 

$T 

fj>—N») 
T 

30&_ . raT . 


{a ooi 

(4.00) 

wo.____*--- 

l am 

{13. 79) 

(1241 

g®.... 

0,3311 

:ii. m 

(9- K) 

jOO iiniT _„.,..„vr- 


{11 30) 

0a. 20) 

Tpl .... 

12. SCO: 

{14. IS j 

no. 72) 

bo}....___—— 

ijCX- _ _ _ 

[3 r 

C !S. 15} 
(15.93) 

m.s: 

(!l 70j 


fi«0' 

ciaw; 

(13- Ifif 

i. iWj. ......-■_- .... -. 

(S.U0J 

{17.19J 

na s&) 

l’siD ... 

<5.6«1 

(17.49) 

(13.3)1 

I'aot .... 

rt. 5 a 1 ! 

(IB. «1 

(11 0 

j __... 

C”, 3&01 

(ia »i 

01791 

1 Brf) ___ 

[&. a so 1 

m 491 

{(4. 15)- 

1 KC 

{S. 7®) 

(19. «1 

(14- 50) 

1 tdo .... 

{0.3531 

(22. 72) 

(34. n 

_-_. 

{LI, 1®1 

(21 IS) 

(li. J2) 


{14.9531 

(23. an 

(15.75? 

1(300. __......... 

J set ... 

[15.7531 
{19,750) 

(24.020 
{25. Bll 

(ia is) 

(17.91) 


— 


Discandium Trio side, Sc?O a (c) 


— {— 4 11 .000j calories per molt (8} 

5™=t m {3$ 


Formation: 2Sc+3/2Ck--*Sc 3 Oj 

(estimated (24)) 


T. * E\ 

Hr-H fti 

affr 

A Ft 

W.. 

(GO...... 

."(i'iwi 

(4, M3T 

(-413,330} 

(-411.000) 

{ 

-SB, 000) 
-381.0001 

ST< . .. 

{—tJl.Stfl) 


-173,530) 

EDO. . ,....... 

(7,050) 

(-411. S0Q) 


-SHvDGtn 

7K ......._____ 

{9,503) 

C—4.11. 500) 

i 

-358,500) 

BOO... 

(12,0001 

( —4t l, KG) 

1 

-HI, OOP) 

900_......... 

)4,EfO0> 

(-411, 500) 


-343.500) 

1,300 ... 

M", 3«1> 

(-4I1.K0) 


'-530.000) 

1,100......... 

(L9.44C) 

(—411.100} 


■-J25.QQQ) 

I,3DQ.. 

[71. 300) 

(-413.500] 


-no, OW) 

1,300-........____ 

(24. 900) 
{27,15001 
(SO. 5501 

(—411, 500:' 


1—313. OOO} 

{,*00...... 

(-411.000) 


:-3&i. 5001 

1,500.,... 

(-111.000) 


own 

3.GCC... 

(33. ran 

(-410,500) 

1 

:-iso, wo) 

1.700____.. 

(43. TOO) 

(-415. OOO) 

1 

(—■283,000) 

1,500,... 

(««. anc }) 

(-418.003] 

1 

-775,000) 

1,000.,.,..,...___ 

(49,400) 

(-137.530) 


-367,000) 

2,000. __................ 

(52.700 

(—417.400) 


(—259, 000} 


Scandium Trifluoride, ScF 3 (c) 


AWjh—(— 367.000) calorics per mole ill) 
S^=(21) e .ii. (II) 

M.P. = { 1,500"! K. (6) 

iWv = U-,OOOl Calorics per mole 

B.P,= U,_S00^ K. (A} 

(55,000) calories pt'r mole 

Y omiationr Sr+ 3/2F r -—*ScFj 

(esiimaled (;/)) 


t, * ic. 

Jfi— 

a/r? | 

&Ff 

sp... 


(-3JM.D003I 
( — IWi KOI! 

(-349. 700) 

{ - 13 a, 000 ) 

S00. -. 

(4, 000) 

--- 

]„500___ 

(!7.eQltO 

[4101101 

(-3631OCO) i 
(—347.500) | 

(-an! pod) 
{-237, KG) 



Scandium Trichloride, ScCl 3 (c) 


A//m- —221,000 calories per mole {11} 
^=(22) c.u. an 
1,213 s K. (29) 

if /\t — (19.D001 calories per mole 
B,P .* 1,240“ K (6) 

&tfr«46,00Q tabriea per mole 

Formas ion: Sr-b3/2Clj-*ScCl} 

(rslimalcd (J/)) 


T t *K. 


a«f 

4fr 

2 S8 .. 

1 

.. 

-HI. HM 

: (—204, DOO) 

j™ . 

(4. W0> 

(-220. KG) 1 {-193,0M) 

I.HW,---... 

(17, (WC1) | 

(-217. $00)1 { —16&0CO) 

1,500...... 

[97,00011 

(-147, &») 

| (-14^,000) 



Scandium Tribromide, ScBr 3 (c) 

aH%a= — 1 S3.0CXI- calories per mole {11} 
Sr*-(40) *.u. [ID 
M.P.= 1.213° K. (29) 

- (19,000) calories per mgle 


Formation: Sc + 3/2Br 2 -—#ScBrj 

(estimated (//)) 


r -* K ! 

Wr-//3- | 


iFr 

m 

i 

—183,000 

[-135. p00) 

Kti....... 

{i.Ouos! 

C-msoo) 

(-161.000) 

1 (too _, . . ..... 

(18.000) i 

(-190.500) 


l'i00 . 

U&,9Xj!\ 

(-l«. am) 

I {-117.000} 





Scandium Triiodide, Scl 3 (c) 

109,000) calories- per molt; (J 1) 
S m =(44) f-u. [ID 
W.P. = 1,218* K. 16) 

A Hu ~ (16.000) calories per mole 


Forma!ion: Sc+ 3/21*- • — * Sclj 

(estimated (//)) 


» 

T. * K. 

Ifr-Hvt 

a H ; 

aFr 

JSj. ______ 


(-109, WG) 

{-m a»} 

500....... 

" ”(io6oi 

(-130.30)). (-M.W01 

1^00.......-. 

l r JQQ . 

(19.1410) 

1 (52.0001 

(-LTB.BX1) 

(-103,400} 

! (-flS.ffiO) 

' (-51,000) 



: 


Scandium Nitride,. ScN (c) 

^68.090 caloric p=T molt (Si 

^,= 7 i.jj. ISi 

; — 2 ."ii l . u. 

— Hit .TOO - rolori‘.'> per mok- 

si.D^i'Wir k. 


1 


z 


c- 

y 

% 

< 

1 L 

£ 

o 

£ 


^ ^ O IT 3 ^ ^ 

o e h C 1 ’T ■*" 
ih O if- O 5 ^ r- 


C- *"Ti 4ft ^ 
ift o t- 

- t- o 


t JJ c 

1 ~ T 

i (v e 


O a 
o c 

I n. O 


r, ^ o O f 13 
C ^ ^ 

^ nft ^ ^ 


m efi ift eS 

^ C, -r.- J JP r- ^ 


o o ^ ^ ^ ^ 


& fti p- — ■* 

ft, >i p- r- O 

4ft ^ fti « 


C-,& ft. -h. 


-;® r ft tv 


ft., *r l P 

< 1 ® ( 


ini' ^ p, 


ftj m ■£■ ft, — O 

® ei 5* ft, -C —1 

ft- tft fti O C" ■ tC 

o rj rt 'ft 


OOOG O C& 
® o e? O C a <0 
^ (ft Tfi ft- s o< O 


J ftO ftp o p 5 


O o o a o 

o o o o c 

1 % l-ft ^ 4ft 


o ® a q ® 
c o o O Q 
<r-£D'p 


® Cj o O o o o 

® □ O c C D Cj 
qCECOCO 


d) o Q O O o CIO O C3- o £? 

QCCOO C c^o □ 5 C r5 

o o c- o o ecjcooto 


3 : « ^ 

O H 

_ — ■ "3 

^ LL- H — 

— J p 0 

< « tr 


"Z 

1 


c£. 

U 


C- 

y 

< 

z 

5 

o 

2 

aC 

u 


J £ 


4.-1 t ^ 

U M 

1 U 1 


0 - ^ 
_l — 
I -c 
I X 


ocoogoo ogogg 

SSSSoqo SSoiS o^cccoc 


8 SSS8SB gggSa qcoooo® 


1 Jo iOJ'T'TS^ 

! ^c- j jmit if < <c r 


^ 13 ^ C C 

r- 4N ft- ^ 
<1 e 4f c 


v.- j vc — ci v* r- 

f- -ft- nj ^ o 1' 

-r o h- 4j -v si 


S88 5-8 8 8 


ff cr a- ^ c — — 


c c? c o c o c 

^ r- 1 ^ tt- ^ ^ 


■ r. C f ffl - 


SS-SS 

^S2K = S? 


o V 40 
¥— -S i-v 3 Ji 4 r* ~ 
£j 4ft .ft ft4 Lft 


_ ftj IV -T 


,«;* cooc3o«p 

. 5-vJ o q o 50 O o 

^ .-'fv£ 7 5 


O o O o O 

e c c 0 -p 

_ V ■ -4 JT J 
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triothiie 

Si0j3 * 


mut^HTlLS plT ^BGI1 TEMi 1 LitATUR FiS 




3 47 44®»-= a 1 -i 


Eft AH FDRHULA HIE 


tridymite 29S.I&* to J90*K. p tridymite 39EJ* 


13? 

C-HT 60*055 
to ?000*lt. 


TEFP, H -K 

T 8 

QEG K tKCAt I 


3 -IG -H J/T 
7 T I'M 

tCAL/D?C“CFkl 


FCHHAUON F^CH Thf iLtrtENTS 

enthalpy Fnt£ energy log x 
tM:AL/GFU> 


?9H,}5 

0,000 

10.50 

10*50 

-214,095 

-204,076 

149*591 

WLC E H i A 1H T T 

0.10 

0. 10 

0,570 

0 , sao 

0.425 

JMQ^_ 

I .085 

13.6A 

10. 00 

.-2H.920 

-200. 120 

112.143 

‘3 SO 

”i, W5 

13.76 

10,00 

“2 16. BQ0 

-200.120 

112.143 

A 00 

1*270 

14.13 

10.95 

-215.065 

- 119 .692 

109.106 

500 

2.710 

n,34 

11.92 

-2U.702 

-195,415 

85.416 

4-00 

A. 170 

20,CO 

13 . C5 

-216.569 

- 191 * 171 

69*634 

TOO 

5.710 

22*37 

14.21 

- 2 16.39 3 

-106*950 

5-B, 3 66 

ROD 

7*320 

24.5 2 

15.37 

-716.192 

- 102, 7 5fl 

49.927 

90Q 

0.95 0 

26.44 

16.50 

-2 15,996 

-178.590 

43.360 

1000 

10,590 

2 0.17 

17*5® 

-215.AL3 

-174.439 

3fl-L24 

1 ion 

1?*?50 

29.75 

1 8 , f l 

-215.63L 

-17 0.300 

33.D3 7 

1 uo 


3 0.25 

19.01 

-215.553 

- 169.662 

22.336 

l^CG 

13.44G 

31*27 

19.60 

-215,435 

-166.194 

30-269 

1 300 

1 5.^,f.0 

32.59 

20.55 

“715,234 

- 162.107 

27.253 

HOC? 

17.370 

33.BT 

21,46 

-214*036 

- 150.0 32 

24,670 

1 5C0 

n * 1 fi 0 

35.06 

22,33 

-214,841 

-153, 974 

72,434 

ltiTitj 

7 0.T.50 

36*19 

23. |« 

-214*633 

- 149.9?3 

20.479 

1 yco 

?*.fr 10 

37*25 

23.95 

r 2?6.5u6^“ 

- 145* 7 75“ 

H Ti 41 

1H * 

^ i.7 M 

37.69 

24. 2Q 

*2 76,3114 

-143.7 35 

IB .02 2 

into 

25.^0 

30.27 

24.72 

-276,223 

- 141.036 

17*124 

11 Vi 

25 * 1B0 

39,24 

2 5.46 

”225*940 

-136.315 


?fPL0 

2 / .9110 

40.16 

26. 17 

-273,650 

-131*605 

14.301 


K1 LT INC POINT 

DEG X 

boiling point 

OE5 

Mf A 7 Ilf FUS1U-V 

tC*l 

HE AT OF YAPDR. 

- KCAI 

H -If 

? 9 R 0 

KCAL 

“C Lift YQLUHE 

0. 6340® CAL. 

1R AflL 1 T HKIJ 1*1 

fttrEftENCE STATE 

EUHENTS 
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THERMQPVWAMlC PROPERTIES Of 65 ELEMENTS 


SILVER AND ITS COMPOUNDS 


Element, Ag (c) 


10.20 i 

Af.J\*= 1 


1,234* K. (If) 

A/J *=2,855 calonus prr atom 
B.r.-2 ) 4M , K. (7) 

A//t = 60,720 caterii* per *vtom 

Zone 1 (c) (23S a -l,2;S4°K.) 

c»=s.09 + 2.<mx io- j r4n.36xio‘T , “’' (**) 

_ 1,488 f 5.087-+ 1.(I2XIO- I T’~0.36 
X 10 s T" ] _ 

F,-«.^-!.«8-5.09mr- 1.0“2X lO 1 ^ 
-O.ISXK^' + S^^ 

Zone II CO (1,234M,600°K.) 

C,=7.30 W 
^-j/^ + wo+T-aor 
f Jk* = 4 160- 7.30Ttn T4 37 42T 


T, * K- 




T. ' JC. 



afr 





IS::::::::"::::::::::::::: 

as 



Silver Fluoride, AgF (c) 

All?*, - —48.700 calories per molt £li£] 
cm. un 

M.P -- 7WS D K. (G) 

1,420° K. £fij 

Formation: Ag 41 / 2 F*-—>AgF 

(estimated (//)) 


r, * k. 


if 4 


2* . 

. '{i:m 

j till 

j 


Lti :::. /. ' 

KSi 



Disilver Oxide/Ag a O (c) 


- 7,200 calories per mole [ 24 ) 
-20.1 e-u. (£4) 

Form atio □: 2 Ag 4 1/20a-+AgjO 

(estimated (24» 


T,*K. 

Wt-Wb* 


A^r 

.... 1 


—-7, 

(-7, ®Q> 
{^■E,SiO 
{-4 GJG1 
{-4.SO) 

(-(lW) 
(-4 LOO 
1-iflSU) 

^3, SCO 
{-9001 
l'5J01 

aaw> 

CISJO) 

IU»! 
{t 3001 

a«oj 

... 

itfm ...i 

C3. SM> 

{a 

(7. ISO) 
C9 r 3C0 i 
(U. 140} 
{13, ICO) 

goo .... — 

TOC ... 

sr ____ _ _ 

ax . 

i odd 



Disilver Dioxide, Ag^O? (cl 

AH' m = -6,200 calorics per mole (fl£) 
5*^ (26.4) e.u- m) 

Formation: 2Ag40 a ---*A^0 T 

(estimated [£4)) 


Silver Difiuoride, AgF^ (c) 


aHn«~ — 83,000 calories per i 
Sj«-(251 f-«. [in 
M.R«>963* K. 


un 




T\ * K. 

Ut-Um 

i«; 




til; 

ss 

So.::::::. 

&SS 

l F odb_____ 


Silver Chloride, AgCl (c) 

AMhi = —30,360 calories per mole (lJf) 

5 ^ = 22 97 e.u. \&S) 

M.P. = 728° K. 161 

AiV w = 3,1-5-3- calories per mole 
B.R= 1,337° K. (ff) 

A//y-= 42,520 calories per mok 

Zone I (e) (298°-72S° K.) 

C =h gg + 1,00X 10-*T-2.7QX 10*7^ (S>) 
H //^=- 5,390-r 14.SSr-S-0.50X ID- 1 ? 1 42.70 

XIPT' 3 


Zone li (J) (72S°-900° K.) 

C*= 1G.0 {82} 

-2.4904-16.0 T 

Format ion: A§: +1 /2CT*—-*AgCl 


Zone I (2OS °-72S° K.) 

AC P «5,38-1.07X10-T-*.72X10*7^ 

AH r = -32 1 830ra.3Sr-D.535\l0- , r + 2..2XlO>7^ 1 

&F t =-22 830- 5.35 77* 7Vfl,535 X lO-T-- L3* 

xiPT- [ ^6i.-jr 













































































































Znnr II (72S q -9QQ° K.) 
iir, t= r >.50 - 2 D7 x 10 -' r- 0,02 x 1 o a t^ 

a!I t'- -29.340 + S.50T-1.G3X lCr'T ^+0 
if r & -20.1140-6,5077*7*+ 1.03X iQ-'T^+O 01 
X lO’T^'+M.ST 


r, ■ £, 

JfT-J/.-n 

■St 

4IJr 


2W... 


ZL 97 
an 73 
25.es 
22. 51 

H 

41. J $ 
ilt-t 
(H- 64) 

(SOW 

-30. T® 
-JO, 300 
-25, 700 
-28, 3l» 
-S. 550 
-24. VJO 
-21 »0 

f — 21 i/Xi't 

t-2S. W0>| 

-36.200 
-IS. 903 
— 23, 5o3 
-22. ISO 
-31.2S0 
-30.430 
-E9. flW 
f-14. 100! 
(-H0003 

.. 

a®.. 

eft'... 

Ti». ___ 

l*®.. 

tCG,,,... 

l.DOj.. 

I.SOG.... . 

I 3aj 
3. ran 
1140 

1. IV® 
10.316 
1L + IA 
(I3.&T0} 
I31.3C0) 


Silver Bromide, AgBi {c} 

^^mi= -20,060 calories per mole (IIS) 

*S:ti = 25.60 CM, (S3) 

MR- 703* K, (52) 
il/f V ^2J90 calories per mole 
£^ = (1,810°) K (6) 

^Rr— (37,000) calorie^ per mole 

Zone I (c) (29SM03 0 E.) 

C,=7.93 +15 40X 10- T (82) 

“ r “ «"fl = — 3,0^Q 4- 7.93 T-f 7.70 XlO—T 5 

Zone II (l) (703°^900 ° K.) 

C^H9WI) 

J^r — 1,950 + 14.9 7" 

Formation: Ag+l/2Br s — 

Zone I (29S°—33i° K.) 

AH p *"?oii JS ; fl 0 xlo "’ 7 T “ M 6 xio < r-* 

^ r Z’"}n , SfS _ ^ 7ir+6 - 68xi0_i:ri ^0>36xi0 i T- 4 


■♦AgBr 


Zone II (33l°-703° E.) 


^ 1.68 + I3-36X 10—T— (J b ia X 10*T- 

^p r -St r i2ST l ’ 68r+6 ' fi ®>< lO-*7^ + 0.13X10 i T’' 

Xi J ^+73® r ^ T_66S K10-1 


Zone III (703°-9 GO d E.) 


iC p = 5,29-3.04 X10-T^ 0. J g X 10 s I 1 - 1 

t? p I H'Sfgt [ f 3 £r “Ex:*o-r='+ 0 -18 X 10 = r-> 

xi^ + !6 22 7 l’" r+lt,3xio '‘ 7,+D0S 


r. * r. 

Hr-fim 

St 



7i K 
S.ffl 


’" Tia’ 

OQO-,.^ ‘ 

^ Wl 

32. 31 

TOO_ __* 

1 Vsti 

3+70 

800. . 

SCO_ 

XCco.„ 

1 375 
O.ttTti 
Ji. m 

38- M 

43. td, 
45 « 
(47,003 


(12, BsO) 


4^; 


~3G,0ffi 

-Z3. 

-33. 2DC 

- fi ,«0 

“ZLOOO 
-It. 400 
— 19. OEM 

{-1&, too} 


dIS’J 


-it. soo 
-IB.SD 
-ia ran 

-16. A® 
-14. 400 
-33,650 
-11 KB 
(12,300) 
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£ "SO 
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TEMPE^ruRl, "K. 

Fig like 49.—Silver. 

SUver Iodide, Agl (c) 

’ 300 , ce - iorie! P er Hole (ii5) 

^:w= 2r.fi c.tj. (55) 

TIP, = 423= K. (W) 

frpZkwt .(« esper raQle 

A/Cl'-?9“ C K° P " “° l= 

3-1+47 calories per mole 

Zone I (oO (29SM23? E.) 

C, =s 5.82 + 24,10 X 10— T (82) 

«rsi= -2,806 + 5.827+12.05 X 10—T* 

Zone II (0) (423 a -60G° K.) 

rf^ 13 - 5 W 

£.4304-13,5 T 

Formation: Ag+I/21,--*AgI 

Zone I (298°-386.S° E,) 

- !',°ni 16 ’. ux l&’ , r-Q.36X 10*T- 
Ar r Z^ ?! r ??5 ~*-Q*T+ 8,05X 10-T* + 0.36X JD , 7 w i 

^X?^-2^ r “ 8 ^ I(> ' 37 ’ + 0ia 

Zone II {3S6.8M23 0 K.) 

* S F " "l; B Lt aa ‘ 06xio " ,7, -0-3fixio*7^* 

1-3 7 '+n,03xiO‘»T*+0.3BX KFT'-i 
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THERMO DYNAMIC P ROPES 

Zone III (423°—600° K.) 

iC^3,07-3.04 XIO^T-0.36 X HPT- 
*\" T = - 29,350+ 3.97 T- 1.02 X 10"' T*+0.36 X 10 s r~> 
ifr = -29,350-3 97TinT+ 1.G2X lO—T'+D IS 
X Ip 7— +36.1ST 


H 

W 

Ht-K» 

s. 

a/r; ; 


se_ 

] 

1- 

T7.J 
31.77 
M 3S 
+.0 M 

I («- J J 

(as, 2 } 

- 2 . me 

-3*. IDG 

-27.5^ 
-r.30C! 
(-21 570i 
(—2i, sCOt 

1 1 L 1 

sac.. 

oco........... 

1.0PC.. 

1.500.-_ 

1 HUS 
ill 1 
£.670 1 
(12. SCO 1 ! | 
(3D.V003I 


SODIUM AND ITS COMPOUNDS 
Element, Na (c) 

S-m= 12.23 e.tt, (55) 

M,P. = 371° K, MI) 
d AT if — 630 calories per atom 
B.P. = i,iS2 s K. UD 

23,120 calories p>er atom 

Zone I (c) (29S°-3gi D K.) 

TI f f f =9.S2ei-28.038X10-^+ 5.785X lO" 1 ^ (40 

Ht- «2*= — 2,235+9.93 T— 14 02 X + 1 93 

x io-^p 

F r™ - 2,235 - 9.93Tin T+ 14.02 X 10-* T- - 0.95 

X 10“ I T' + 4S,35T 

Zone Jl (I) (39162* K.) 

9,0596 - 45.76 j X 10^ T+ 2.54X LO^ 7^ UO 
- 1,960+ 9.077 1 — 22.88X lO^P+ULSa 
XI0-* T* 

Ft -- 1,960—9.07TinT+22.SBX 30^ P-0.42 
X 10-*7*+45.66 7 

Zone III 0) (i 1 l62°-2,500° E.) 

C*=4,B7 (S4) 
^r-77„ 6 =24,530^4.S77 T 
Ft— #»*= 24,530 - 4.87 Tin T-4.23T 


C 

Hr-H n 


t^70X 10- 


♦Xa,0 


1 ( «U T 15,707 

Formation: SNa+n^Q- 

Zonc I (298°-:i9l» K ) ' 

xI^ S0 9SX I0 ' ,r ' ll-STxi^Tr + O 20 

X CUDx r i^^7 1JS 

Zone 13 (391M, 100° K,) 

iC ’“x!i^ 14 05XI1) “ r - s -f»>ao-'n+o^ 

—a2o < xio‘ S ^ r+ ‘ 02:<10_ ' r3 ~ 1 -69xiO'*p 


T, w X. 

Mr-Hm. 

Sr 

IXT 


2*__ 



«a 

-IOC. 7C0 


wo. . 

WO.. 

i, 740- 

17.4, 

ZL +5 
* 47 
30 03 
32.fr} 

-so, a® 

—Sfi,tCO 

S*X1. 


-1®. TOO 

— S3, 300 

7DU, 

s&j..""""■. 

^ 57C 
T.4W 

-IQCtfiM 

-100,340 

-79, BOO 
-7a LOO 

MC,, „ 

1,000... 

1,100.... 

u‘i» 

13.500 

3i H 
3T. K 
+0. is 
42.33 

■—100. iC£j 
-100. i4a 
-M.500 

-72. iOO 
-®.30O 
-64.700 

l.io 

(is. can 

(27, 4iO> 

(a. wcii 

-99-340 

-Siam 

1,300. 

i.wo... . 

1,500....... ’ "" 

1.800 . 

I,7CQ.. 

:::”“ 

(-138, 100) 

( — 137, tOOl 
(-134 LOO) 
(-134, IWi 
(-!3i L®) 

£-68, IE) 
(-S3.6C01 
£-45. LOO) 
r-^islOO) 
(-?i JEOl 

(31 Ji-J 

131700^ 
{37,2001 
(39. 600) 
(42.Q90J 
(+4,660) 


IrJ®. 

L.KO. .. 


(—133, IQffi 
(— ST2, tOQ, 
(—133. IDO) 
f— 130. iOO) 

{-25. S0O? 
(-19. tmi 
[-13, 4001 
(-7, 300) 

3,000...... 



Disodium Dioxide, Na 2 0^ (c) 


™ __ _ „ 

«o __ 

SCO__ 

BXi .. 

TDO. .. 

BOO..,._ 

S®.. 

1,000_ 

I,l«__ 

1,3M 
1.300,... 
l,*0Q........ 

1.5M_ 

E,WC...._ 

1,700. . 

I,fl00.. 

S grv. 
icca 
3.SM 


— Hn, 


T 


11 23 

12.23 

""’I’iis 

3 fl_ J- 

12 * 

2,097 

it. n 

13-52 

2. SIS 

It 05 

14.13 

3,42! 

20. 13 

IS U 

1. 218 

23, Of 

U 79 

ion 

21.® 

16 41 

5. 597 

21 SO 

U.CO 

4 294 

30.26 

17.55 

30.360 

43. 63 

it Si 

30. S77 

44.00 

£3. 46 

31. 374 

44. 40 

22 0rr 

21.871 

«. 7+ 

22. 30 

32, 367 

4106 

24-H 

3-2. SH 

45,36 

2t- S2 

33.361 

15- 63 

3T- 17 

33. S5* 

15-93 

28.10 

34.^55 

46, IT 

W-95 

Sfi,K47 

17.3 

3i 64 


Disodimn Oxide, Na 2 0 (c) 


~ M u -™ tajurses per mole 
Uecoiri poses =919 D K, (J) 

Formation: 2Na-h0 3 --^Na^Oj 


{estimated (14)) 


T. * £. 

Wt-Wjh 

&h' t 

*n 

296. 

400. , . ” . 

500 .. 

5EB...... 

7C0 ...... .. 

<co__ __'- 

BO. .. r ' J 

mm 

-122. LOO 
(-L23.30CH 1 

(-ca.iooji 
(-i2e, *udj 
(-127,600! 

(— 1LS,0OGi 
(-315. LOG! 

-307.(SCO 
i (—10 E, BOO) 

<-«l+0G> 

(— t L, lOC'l 
(-85. flOOl 
(-Jt.HKl 
( — 76,1001 



—99,400 calories per mole [Hi) 
17.4 e.T(. (1U) 

M,P.= i„190^ K, [j/j 

= 7. MO Cidorie3 per mole 

^->2,500* K. U?) 


Sodium Dioride, NaO* (c) 

— 62.100 cnloricoi per rnoEe (4^ 
47.7 t.u. i/JJ) 


4 S3 






































































































































































HEAT CONTENT, HE AT-OF-FORMATION p AND FFEE’ENERGY DATA 


Formation: lSa-+On—- *Na0 3 

(estimated {84 )) 


r P * sr. 

Nr-Hu, 

ANr 




-S3,100 

-il. KB 


.(i'ao) 

[-«a»ax» 

(-48,5001 


(4. iwi 

(-El. son 

(-iS.ffiCl 


(R. 100) 

f-Ei.OoOi 

(-12. 0t»l 


{a uxn 

f^6D.S0O) 

E-Ji.OCOi 


t io, hjju c-^a.coc; 

(-15,500} 


l\Z 1004 

1 (-ia.50&; 

(-33,500) 

CL.... .. 

(tt 1*»1 

[-5&.00O) 

(-29.500) 


Sodium Fluoride, NaF {c) 

&Hm= — 136,000 calories per mole (HS) 

13.1 i.tt, [11) 

M.P.= \;2S5° K. [82) 

7 J30 calories per mole 
B.P= 1,977° K. [6} 

A£JV=53,260 calories per.mole 

Zone I (c) (29SM,265° K.) 

C p - 9. 66+ 4,50 X10“ J T {££) 

= - 3,080 +9.6S7+2.25 XlO-'T’ 1 

Zone II (0 (1,265-1,300° K,} 

C,-16,0 [82) 
tfr-#i«=2S0+16.07 

Formation: Na+l/2Fj-——*NaF 

Zone I (293 e -37l° K,) 

AC„= - 1.42 + 32.32 X IQ-*T- 5.78 X10"^ + 0.40 
XlPR 1 

- 135,500—4.42T+ 16.16X 10- 3 7^-1.93 
X10’^-0.40X lEFT -1 

AF t ^ -135,500+4 4277* T- 16-lSX HJ-^+OOS 
X i0-*7^ — 0,20X 10 s T~ x + 0.66 7 

Zone II (391°-l p 162° K.) 

AC, = - 3.56+8.86X10" 1 T—2.54X10” 1 7^+0.40 
X lt^R 3 

A// r = -135,700 — 3.56 7+ 4.43 X 10 _1 T* - Q.S5 X10^ T 3 
- 0.40X10*7^ 

t— - 135,700+3.56 TbiT- 4.43X l0^ , T s + 0-42 

x o.2ox lo^r-'+a.sfir 

Zone III (I,162M,265° K.) 

A 0.64 + +28 X 10" J T+0.40X 1CRR 1 

*Wr“ - 162,040+ 0.647+ 2.14 X 0.40 X 10*7 1 " 1 

A F'r^ - 162,040-0,64 Tin 7—2.14 X 10" a T= - 0.20 
XKRT^+53497 


T, * E. 

Ht-H™ 

Sr 5 

AHt 


»B-.... 


13-1 

—)3$ DCP 

Ul2& DOQ 

400...,,. 

" L140 

Ifi’.H 

-iseieoo 

-I26!i00 

500__ 

2,3)0 

19 D 

-130,000 

-1=4.050 

6 GC. 

3,530 

21.32 

-136. 550 

-l£l h i50 

’TO...... 

4,750 

33.15 

-13S.350 

-119,050 

BOO, „ 

e,c«o 

24. Si 

-136, 20C 

■—llfi, 600 

900.. __ 

T,d 

2 R 4E 

— )3fi, 000 

^>li,=0C 

1 .D0G,.. 

&.SLC- 

27. W) 

; -134.7D0 

—Mi. sec 

M®.. 

30,260 

29 X* 

| -133.4U0 

, -109.160 

3 .'300.. 

1I.T60 

1 30.61 

-liS.lM 

-106,550 

1,300_____ 

21.060 

37. 95 

1 —149. Tad 

— 106,00C 


Sodium Chloride, No.Cl (c) 

A//iaj= —98,330 calories per mole (i 1) ■ 

5, a =17.3 f.u. (JJ*) 

M.P, = l p 073 a K. fjj) 

AfJ v = 6,850 calorics per mole 
B P. = 1,738° K. rff) 

A//v = 40,800 calories per mole 

Zone I (c) (298 M ,073" K.) 

^=10.93 + 3.90X10-^ [SB) 

Hr-M n - 3,447 +10.98 T+-1.95 X 10- 7 s 

Zone II (I) (1,073 m,300 8 K.) 

C,“ 16.0 (SB) 

lf T -H»=+260+16.or 

Formation: Na-bl/2CI*-*NaCl 

Zone I (29SM91 0 K.) 

AC,*= -3.364-31.9 X IfHT- 5.7S X 1G-T= + 0.34 
X10 S T~- 

aH t = —98,100-3.267+15.&5X 10-T 5 -1.93X 10^7* 
—0.34X 10* T* 1 

if T = -93,100+3.36 m 7-15.95 X 10- T 1 + 0.96 
X10- r»-0.l7 X ID 3 T-i + 5.S8 7 

Zone II (391M,073 s K,) 

aC,= - 2.5+ 8.46 X10- J r- 2.54 X10- P + 0.34 

xio 3 ? 1 - 1 

T = -98,400- 2.57+4.22 X 10“ l T’ - 0.&5 X 10- T J 
-0.34X 10*7^ 

AF r - - 98,400 +2.&m r- 4.22X 1G~ 1 T^ + 0,42 
X 10- r - 0.17X 1&T-1+ BJ 1 T 

Zone III (L,073°-i,162° K.) 

AC,= 2.52 + 4.55 X 10~ ] J 1 - 2.54 X 10-7^+0.34 
X 10*7-1 

AtfV= - 94,500+ 2.52 7+2.27X10-^-0.85 X 10-7 1 
-0.34 X ItRT" 1 

Aj!^t— -9+ 500-2.52 Tin 7- 2,27 X lO" 1 ^ +0.42 
X10- T 1 - 0.17 X 10*7^+ 33.02 T 

Zone IV (I,162°-l t 300 g K.) 

AC-= 6.72 - 0.03 X 10-7+0.34 X 10* T- 
A/7 r = -120,900 + 6.72T- 0.0 IS X 10- 7* - 0.34 
XiG'T- 3 

AF r = - 120,900 - B.nrin r+0.015 X 10-r*-0.17 
XI0*r- t + S8. 05T 


T, " 

Hr-Hm 

Sr 

iATr 

art 

29B__..... 


17.30 

-93,330 

-91.900 

«U_..._ 

-'"W 

K.S5 

-ea,&io 

-69. KO 

600 ... ...... 

2.510 

23-71 

-9?,T5Cl 

-67.500 

{£0 ..._......... 

3.130 

36.13 

-96.&C0 

-65.050 


5,1® 

36.31 

350 

- 33, &50 

..... 

8 ®...... 

S.KO 

30.06 

-9B. m 

-ft). 600 

flOQ .. 

ACT» 

33.‘6 

-97,900 

-ra, wo 

I,cod... 

9.190 

33-30 

-9T.&00 

-76.i50 

i r i®___ 

IT, 160 

41.14 

-90.150 

-74,350 

l^cc... 

19. 

H53 

-112.900 

-72, 500 

1,300... 

h,wp 

43,11 

-113,300 

-69.000 


Sodium Bromide, NaBr (c) 

—86.500 calories per mole f 11) 
S*-M.l mi, -S O 
.V.F. = l.O'JO 1 K. 

Af/jtf —6,14Q calorie* per mok 
S.F.= l,665 J K. iff] 

A//r— 37.950 calorie^ per mob 


fi4 7^l> 


JSSSSSSSSSS 


THERMO DYNAMIC FEtOPERTTEa OF 6 5 ELEMENTS 


Zone 1 («) ( 298 °-5 50“ K.) 

£: P *=1J-B7+ 2.10X10-7 (ffS) 

|/ r -F«=-3,632+ 11-87T+U05X 10—F 1 

Formation: Na+l/2Br r -’ NaBr 

Zone I (298 1, -331 ° K.)‘ 

aC,=-5.51 + 30.14 XKTT-5.78 XIO-'T 1 

* jj -85 350 — 6 6lT+15-07 X10—F*— 1-93X at/ 7 

i?;=-85;!li+6.61 T!nT-15.07 Xltr*(n+0.96 
x27.+J7 

Zone II {sar-sai 0 K.) 

*C, = - 2.58 + 30.14 X I0'*T- S.78 X10-* +0.18 

iWr = * sa3M - 2.58 7+ 15.07 X10- V - 1.93 X10- T- 

15 07 xio-'T’+o.M 
x lO"*^- 0.09 X 10*T- J +12-33 7 

Zone III (39l°-550° K.) 

AC,= 1,72 + 6,68 X10— 7—7.54X 10—T^+O.lS 

5K r =-9o!MO-1.72T+3.34Xl(l* i r i -O.SSXW-(r 

if r = -9alS 1 +‘l 7 ^T2nr-3.34X ^+0+2 

x 10- T* - 0-09 x 10 s T ~ 1 +14.04 7 


T.' K, 

Nr—N^t 

Sr 

a Hr 

art 

Wft ,, 


-hi 5eS ' 

, whs : 

■ 

-Sfi,6fl) 

-flO.gts 

-® r ft» 

(-104, 000} 

-a,#® 

-si.aa 

-7S.1W 

Ml 060 ) 

400.. . .. 

fiOO.. ...._ 

1,285 
2,565 
«, 300} 

iaoo.~.7!1”""-—- 

(2140)) 

—-- 


Sodium Iodide; Nal (c) 

Atfw!= —70 n 6&0 calories per mob UJ*) 
St«=22.50 «.h. (Jl^J 
M.P =935° K, Iff} 
a//* = 5 240 calories per moie 
1,577° K. (€) 

A/fv-3S,l60 calories per mole 


Formation: Na+l/21^— 
(estimated (/!}) 


-*NaI 


T. ■ E. 

tfr-Hm 

aJif 

art 



-70, M0 

—H, 200 

joa'' . 


(-7S.400I 

n ( SCO'S' 

j-KTOQ) 

1 000 ’....„.... 

(14,8CCl 

(—71. 900} 
(-92.100) 

1^00----- 

(22, BOO} 

--— 


Disodium Dicaitide, NajQi M 

Affm= -9,660 calories per mole {8 f) 
£jk= 16.9 c.n. (tSJ) 

— 6,570 calories per mole 

t—i K 


Sodium Trinitride; NaN 3 (c) 

aH»=+ 5,03G calories per mob 
5™ =16-85 e.u. UJJ 
i, p k= +24,tSG caionea per mob 
Decomposes = 54S C K. 


► - 

i- 

>- 

^ 

3- 

} . Wfll 

3- NB I° 

HaCl 

o- 

oL-^ 

o - 

o -*•* 

iO- 

w —5 


“■ ■ 


I? 

■+ 

1 




/ 

■ / 




/ 

/ 




—r- 

/ 

/ 

J’ -- 

s' 

f 

& * 




1 



_ tu C’ 

^ 1 hi!* -- 




si 




/ 

/■ 

* 



/' 

y 
















OO I 

jOO it 

30Q U 

503 Ti 



TEMPERATURE, * K. 

Ftotjbe 50-—Sodmni. 

STRONTIUM ANU ITS COMPOUNDS 
Element, Si (c) 

12.50 c,u. {S3) 

7,F.^862° K, (ffSJ 
iJF/r—700 calories per atom 
Af.R =1,043“ K. {11 £) 

AH*f = 2 p 200 calorieB per atom 
B.P. ■= 1,657* K. {79} 

A^fv = 33,6L0 calories per atom 

Zone I (a) (29S°-862 a K.) 

C,^ 5.31+3.32X10- J T (estimated (ff4» 

-1,731 + 5.317+1.66X10-^ 

F //»=- 1J31 “5.31 Tin T-1.66X 10- T*+ 24,04 T 

Zone II {^) (862 M ,043 & X.) j 

C s = 9.12 (estimated {94)) * 

- 3^82 + 9,127 

f H vt = -3,582 - 9,1277nT+ 50.54 T 

Zone III (0 (1 t 043M,600° K.) 

C, = 7.40 (estimated (ff4)) ' 

Hr- H.^=610+ 7,407 
r _ u... —Kin —7 anT?nT+34.p67 






















































































































pgiissa gg-giSKBpia 


HEAT CONTENT, HEaT-OF-FORMATION, AND FREE-ENERGT DATA 


T. * K. 

Hr- U m 




1 

112. Sit . 

41 It.. . 

i&fioj 

5CC..... 

tl. 34uj 

E Li- Kt 

for.-----,--. 

(l«y) 

(17 Tl 1 

7Ul r ... ..■ r - ... 

<1 Hit,. 

El" ^7? 

JiftJ......-. 

El. y.ij 

119 11j 

9U?..—.... 

ft.5!(j| 

IX fcT) 

S,tl».... 

EA AQil 

m. 581. 

3.300... 1 

M.S0B1I 

(24 561? 

1,700.... 

(n»iu 

(IS. Jill 

IAS-— --—-„.| 

t35.WN: 

E2S.(jL'i| 


(Kt. 7*!^ 

[26 2$?i 

J.5TC _ 1 

tlL S201! 

{X. 66,, 

1,600--- 

(12,»p 

<27.34; 

l h 7U3___ 

[46. 070j f 

(47.11TJ 
(IS.561 

1,3*... 

E44 £70 ?1 

1,900.... ; 

<4r,JWUJi 

CIS. 53i 

2,0*...„*j 

(47.5501 

[45. 79? 


(F |—iftmi 


f IV- Til 
sia.nj 
El3.il? 
f14. 3?t 
EH THj 
i Lh 5L" 
Ut tel 

(it. ra-i 

El7. 47) 
OS, 08? 
U(s &5? 
<19. 1.?;. 
(IP- 5*1 
{» 871 

(a »} 

[33. 71) 
[15. Dll 


Strontium Gride, SiO (c) 


- 1 — ■*■ 141,000 calories per mole (11?) 

5^i = l3.D f.u. (£3) 

M.P. = 2, BS5° K. [Itg) 


Zone I ft) (29S°-l,265.5 a X.) 

12.34+ l,12XI0- i r-1.806X10*7^ (55) 
-4,327+12,34740,56X10^7^+] 806 
X 10^7^1 


Formation: Sr+l/20 a ———>SrO 




13.0 
16 V£ 
1FL 9$ 
21 . 2 ] 


an; 


-[53,850 
(-131.40) 
f-ia. ira? 
f-ia, ?5o; 


-Hi, poo 

<-140. MB) 

(-140. 73G) 

f— ]*o r HQdcr> , __. WI 

23. Si I (-140. «0)- 4 (—134 *001 
34. S ■ (-140. <00, (-131,250] 
*■ H ] < — S *0. BOO 1. < — 133, QHJj 
2?.« [ <-140,3001 (-117.400) 
29.05 I (-142, 7001 <-Ilfi.aU) 
».H (-141.400)1 (-111, HM) 


l.l« 
tin 
a.«4 t 
4,624 ► 
tUH 
7, 401 
A, 714 
9, X-j 

--I J —l-ilA!LU( 

-„ <— 140, BQj j j (-1«,0C0> 


Strontium Dioxide, Sr0 2 (c) 

—150,300 calories per mole US3) 
5r«=(13.6) z.-u. (tl) 

Formation: Sr-HQ*--+SrG 3 

(estimated (£4 )) 


t, * St. 


LJl'r 








— L So, 9QC 

—136.300 
(-134.300) 


<3 MCi 

1 < - tM. 3ct,j 

..— 

d 250j 

1 <— L50. 3o0j 
! ( — 119, HQU •■ 

[-130,3001 

(-latSOCJ 


(9 Sc' 

i - H9. 300 1 

<-l» JOO) 


UstitB?; 

t —HlA. 500 1 
(-J4AXU) 

< — ns. 600? 


<-iu, §a?i 



{-IT. 10(1? 

(-IIL3001 


Strontium Difluoride, SrF, (c) 

-290,300 calories per mole (//£) 
. Sim= (18) e.u. (//) 

^,*1,673“ K {(?) 

~ ^- 2 ^0 calorie? per iuole 
HP.*2,750° K. (6) 

&Hr— 71,000 calories per mole 


Formation: Sr — F,-—»SrF 

{islimaifij (//)) 


T, * K. 

! 

a//; 


7W ., 
Sue 

1,000.., 

___ 

1._ 1 

rri 

CIO.DI^^; 

- ^ iJl.MEtjj 

-io.3i*i ■ 

( — r JMW. huo r 

!- 7-277, ■SJOl 

(-24T.VKJI 
1-227. SCO) 


Strontium DicMoride, SrCl, (c) 

,7" .003 cal ones per molt (Jit) 

2S ;.o. (1 IB i 
M.P.^UiV K. tf) 

&JIu^4 r U)0 calorics ptr mole 

(2,300*) K. (6) 

A//k= (55.EKH)) calories per mole 

Zonz 1 (c) (29SM,145 3 K.) 

C,= ]a.2-2.45X10- l T [t jo) 

fir- If rrl = -5,533-I-1 S,27+ ] .225 X 1G~ J 7* 

Formation: Sr — til,—-i-Si-CJj 


T, ■ K, 


S T 

a//; 


2SA. . 


26.0 

33. 6-1 
37, M 
*1-46 
*4 S3 
47.21 
49 59 
ii.rir 
W. 72 
tea. 0 ? 

- I9VWG 
(-197. 5W 
[—397, ISO? 

750 1 
f-lttC,40t, 
<- L56, OSO? 
(-[B5.950? 
(-J9S, TOO} 
(-]ii. 4ttu 
{-IE*, 300; 

-1S6.750 
(-182.1*01 
( — J 79, 3061 
(-1Y5.700) 
f-ITri 3001 
(- ifeSOCi] 

f-m,iccj 

E -167 0»3 

(- IM.SttiJ 

C “146.500? 

__ 

StK„.. 

TOO. 

soo .. . 

900.. „ 

1^500. 

1.100.. ._.... . 

i.aoo..... 

i‘HJ 
3, Sri 

s+a 

AS/7 
9.615 1 

13.1)33 
13, Vfl 
IS, >,9 
[ft. COO: 


Strontium Dibromide, SrBr z (c) 


*Tr,= 


- j j i, jtnj clones 


“ <34ji ?.u. [Ji j 
M.P.^9 2 _fc= K. (ff; 
i// w ^4,,SQ calorics per molt? 

a-p*«<a f i5o*) k. 

f— (50,000j calorits per dole 


per [non; 


Zone J ( e) (298°-&25° K,j 


C-18.143.15X10+ T(75) 

«r— - 5,535 - 18.1 7+ 1.57 X IQ' 1 T* 

^SrBf a 


F orm a non: Sr — Br a - 


r. ■ e. 

1 

* 

1 

Sr 

A/f? 

in 

SB...,,.,. 


(34. Ou 

uv 6/ 

tM 0: 
<47 6? 
(SO-Tii 
(53 3 1 
[55.9; 
4U. 0? 

ira. 01 

iiiifiiiii 1 

777777777 

{-166. 700) 
(-163. 400? 
f — 1W. 700) 
[-146. SOW? 
(-153,200? 
(-1*9. JOG) 
(- lii.flOO) 
(-H1.9U0I 

I-127. 400) 

WO. 

SCO.. 

wo.... 

TOC'.. 

*00_..... 

9CG___ 

I.EJOC. 

.. 

1.966 

3.910 

T.M* 
9.954 
lH.fpl 
'19. 2f* 

<31, S.C: 


Strontium Diiodide, Sri* (c) 

— 135,500 calories per mole (lit 

&ti='3S.U) f.u. {11} 

M.P.= 76S B K (51 

J// M = «5.4Q0' calorie* per mo]* 

HP.= n.85U^ K. +■- 

it It = ■ 40.Q0Q; Calurirf ptT mole 



4 8C 


5F. FREE ENERGY OF FQI 


Zone I (c) (29S°-7SS Q K.) 


C.* 


18.6-3,05X10-'7 (75) 
-5,660+ 18.67+1,52X IQ-*? 1 ' 


Formation: Sr+’lj 


■+Srlj 


Zone I (c) (298^1,900° K.) 

= 5.82+ 0.76 X 10-* T 

^MI? + ^27+0 3 /i m ,** 

■. -„ y ^ H 3 - a 7 ^ 



l p 7TO-5!82Tl»ir" 


0 39xiQ-iri + a 9 21T 


T. ' E. 

Hr-Nm 

Sr 

£lHt 

AJ^r 

T. -E. 

2M„ _ 


(38.01 



2^_ 

4E3D.. 

1.900 

Eli, 31 

135,50C 

(—13*. set') 

1 c-m.iooi 
i (-151 LOCH 
! (-178.9001 

*Oj- - -” 

S0C..,„ 

tffl _ ■■“ 

700. . 

A000 

6.-33C 

(*A 2} 
«i,9> 

( — 140, 4001 
(-149. 500? 
{M4B.X01 

sco... .. 

«D .. 

7DO ----—“ 

W._ 

IhSCC... 

tSO, 400!- 
(32,4001' 

(6Q a) 

< —14S. 709?: 
-145. SDC^ 
t-14a 500) 

; (—135,4001 
: (-117,0001 

3QD. . 

9CO " 


,Q1 

1 (-LQ3. 200) 

1 

Eooo., . - 

1 liY! - 


Tristrontiuin Dmitride, SrjN* (c) 

— 92^200 calories per 
Ojk=57.8 «.tj, (5) 

77,000 c&loriea per mole 
M ] r 300® K. (S') 


-BOr- 

-EOO - 
-!20i- 

StO 

-140 

‘LGO- 


: - 180 - 

-200 - 
’220 - 

-240- 
-2S0 - 
-2 BO 1 — 










vo 


J- 







irulj 

Srfj 




1 ■ - - 
















— 


j X 



jj 

\ 





1,500 

TEMPERATURE, * K. 
Fiouai 51.—Strontiuco. 


2POO 


tantalum and its compounds 

Element, Ta (c) 

= 9.94 c,u. (83) 

MJ*. =3,259" K. (150) 

(7,500) caiories per mole 
aP*«5 ( 7Q0- K. (ISO) 

— 1 MjOOQ caloriea per mole 


3.30: -- - 

ixo_.7.. 

I.4CO " 

1,^00 

1,600. 

3,700 ... 

l.«30...- 

1,500...., ..” 



fist 

LJVj 

1470 
3. IX. 
3. ^SS> 
Amo 
A lx 
i,77C. 
S. M} 
7, 5X 
7(25 

■A. 2AQ 

B.afc 

io. rx 


n Ta 

1AM 
14 3 

la, ls 

16 !iS 
16 £3 
17. i3 

1& IS 
li 74 
3? M 
I*. B 

u.a 

X.73 
21.17 
Hi-59 
21.55 


B B4 
lo. a i 

10 . t 

11. If 

11. <1 
II 12 
na* 

12 . 03 
33.13 
E3.H 
14.31 
14-54 
33 06 
H-42 
13.71 
Lfi 03 
Lfi, 25 


Ditantalum Peutaori^^ Ta, 0 , ( c ) 

,= -4SS r 80Q caloric . , 

5^ = 34 2 (SS) ** Per («3 
M.P.^2J50 d K. (5) 

48,000 calories pe r m j 

H/ 5 .->2 p 5CC fl K ° Je 

Zone! ( c ) {29S°-I30G°K) 


■+TajOj 


X 10*7-1 

Formation: 2Ta-h5/20j 
Zone I (298°-l,700 & K.) 

AC,= 7,46 + 2.50X 10-* T- 4,92 v 10» 7-i 

-492!?“ t\ A A ntT^xlV-^^^r 7 "’ 

xio»t-i416i. 6T &Xi0 , r*+2.4fl 


r. ■ e_ 

Wf-Nt, 


clh; 

AFl 

M....,.,_ 





icq... 


i7iio‘ 

54.2 

KffJ 

-isaai* 

-1«.W0 
— 445 tSG 

SCO., 

— 43S. 45Q 

wc.. 

io"?so 

61 IS 

-4?7, TiO 

-43ii0M 
-424. 400 
—454,250 

7C0.^ 

_ 


SB. 25 
5t at 

-487.050 

SCO... 


-486,250 



2L.CL 

-435.400 

-404, 1M 
-595.500 

I.DOP. 



'5,W. 

9: 

S454 

-484. MO 

U90 


35 -arl 

-4&.600 

-385, 700 

3^00. 

Tft" 4in 

—482. WO 


)>». 


Tr ^ 

4E 

— 481.600 

-365. AW 

1,401 


45 

*lw 

-450.600 

-3S4.3M 

3k500 


lo Jipl 


-479, ,550 

-344.550 

1,600.. 

• ^ 

wsa 

-178,45* 

-335, 350 

1,510 _ ^niir 

ftfi' 3ao 

Ifll 47 
11X15 

-477,350 

-325.850 

- 


^176,300 

—3L6. 500 


Tantalum Pentachloride, Tad, (c) 

A s’~LP er mo[( 

k. (E) 

= 12,500 Cidories pe r mo i E 



























































































































































































heat CONTENT, HEAT-0F-TQHMATI0N, ANT) TREE-ENERGY DATA 


Forn i a Lion: T ft + 5/2 C V - *T ^Cl s 

(estimated (/i)) 


T P * K- 


Affr 

iff 



-m sen 

(-162.530) 

_ 

(13,000] 

(-tw. OCX)} 

(-men)) 

ipOcoizzb—.—. 

(30.0CC: 

(-195.000} 

(—152, D®) 


Tantalum Pent a bromide, TaBr s (c) 

iHin” — 142 ? PQO calories per mole 
S m = (7S) e.ic. (II) 

Af.F, 3 = 513 " K. ( 5 ) 

Af/v — (3,000) calories per mole 
B.F.=622° K. 

Afl 7 =14jK)G calories per mole 

Foru i ation: Ta + 5/2 Br ; ——-*T &B r s 


(estimated (11)) 


T, * X- 

Ht-Hh . 

awJ 

&.F-f 




(-135.000) 

.... 

(a. coo) 

(-SM.D0O) 

(-121,000) 


Tantalum Carbide, TaC (c) 


Tantalum Nitride, TaN (c) 

A//™——60,000 calories per mole (JOG) 

■ £*« = 12.4 (l v. {94) 

M.F.= [3 r 360 a ) K. {9) 

Zone I (c) (298°-773° K,} 

C, = 773+"7.S0X 10 ~*T {82) 

// r -/f«*=-2,652+7.73 T+3.90 X10-’F 5 

Formation: T&-hl/ 2 N*— --*TaN 

Zone 1 ( 298 °- 773 ° K.) 

aC_= —1.42 -r 6.51X10 -3 T 
Afh= -59,900^ 1,42 TH 3,25X10^7* 

— 59,900+ 1,42 Tin T 1 — 3.25X lO^ 1 12.E7 T 


T, * X 

Ut-Hm 

Sr 



11.4 

. 

«0 ....— 

■ i&K 

15.43 

HD ,,... 

3. I** 

17.97 

KB ... 

3.4O0 

». 17 

TOO ... 

l,BM 

21 U 

800... 

0.O30 

23.94 

wc- .. 

(7.4M) 

_........ 

1.000. ... 

(3.9M! 



(to. 579) 
(ii.M'l 


.. 


1,300.. 

(13,»&3] 

. ... r - 

1,400 _ 

| _ __ .. 

(L5. im 
(IT, 7X3 

... 

.. 

(14 7®] 


1,7C(I---- 

1 BCD 

(11.763) 
(13. 590) 
(X HD] 


Tortfi _. iri . 


1000 . 

(IS, IK}} 

1 ..... 


-5ff.9D0 
-S3, 750 
-5®. SCO 
- 56,200 
-S3. W0 
38 , SB} 
t-sa.oso) 

< — S7, iM) 
(-55.900) 
(-56. 250) 
{-SI. 550 ) 
(-54.7UJ 
(-53. 350) 
(-S2. 900) 
(—31, 900) 
(- 50 , 330 ) 
(-49 r TOO) j 


AF*r 


-53 p B3Q 
-51,650 
-49,6 JO 
-47.600 
- 45.950 
— 44 100 
(-43,300) 
(-40, 500} 
(-Si. 710} 
( — 37.300) 

l-as. m 

(-33.350) 
7-30.3001 
(-30.350J 
I-Z9,S50) 
(-28.350) 
(-26.3501 
(- 35 , 500 ) 


— 3S,SOQ calories per moSe (ftG) 

4=10.1 eu. (lit) 

M.F.-4 p 070 q K. {9) 

Zone I (c) C298 o -l T S00° KO 

C # =7,2S + 1,G5X 10-iT M 
Ht-H m ~ -2,242 + 7.2ST+0.825 X1Q- 1 T* 

Formation: Ta+C~—-—“*TaC 

Zone I (298M,S00° K.) 

*C*= -2.64-0.15X 1O^ 1 T+ 2.10 X1 0*T^ 

A-37,000-2.64 7 1 -0.Q75X IO^T 1 - 2.1QX107^ 
6f r = -37,000+2,64 Tin F+0.075X lO" 1 !' 1 -1.05 
XID* T-*~ 17,64 T 


T.* E. 

Hr-fim 

Sr 

£lHt 

a/; 

70S .... 


IQ. 1 

-3S SOC 

-3S,O0C 

4C0..... 

BOO 

1111 

-38 r SB 

-36.000 

500.. 

1. SC-4 

14.X 

-38,7K3 

-37,800 

BO0.. .... 

2.423 

15. 70 

-38. 

-J7,6S) 

700..^. .. 

3,258 

It W 

-35.X0 

-17.355 

ate____ 

4, no 

la. 12 

-39,«0 

-37. 1® 

vx> ... 

4. 97* 

19. 14 

-39. 550 

-A T» 

7,000. 

4.663 

x.oa 

-39.902 

-36,430 

1.100_... 

ft,T$4 

X.92 

-40, XQ 

-Ml 05O 

l,X0.. _ 

1,300. ....... 

7,m 

31.73 

-40.450 

-35,900 

8,6)5 

n 45 

-40. 7X 

-3i. 500 

1.400.. 

9. 567 

3S. 19 

-4L0O0 

— 14, 900 

1.500.... 

10.534 

23.45 

-41.250 

-34,300 

i,4C0.... 

11,516 

24. 49 

—41.550 

-u. tm 

i, 7m. 

12.316 

25.05 

-41.600 

-33. 500 

1,600... 

U53$ 

» S3 

-42. 100 

-sl.oco 



Fig^ei 52^'Tantalum. 


THERMODYNAMIC PROPERTIES Of es ELEMENTS 


TERBrUM AND ITS COMPOUNDS 
Element, Tb (c) 


Af P =(I r 63S°> K. 
aHh=(3h 900) calories per atom 
BP^ = (2,500°) K. (m) 
aHy-G O t OOO) calories per atom 

(estimated (150)) 


Terbium Trichloride, TbClj (c) 

= (—216,000) carries per mole (A) 
Sin- ( 41 ) e,u. u;j 
T.F. = 770° K im 
M.P.-B55* K. (53) 

Afl v = {7,000} casoncs uer mole 
a.F. = f i,S20 a ) K. (fir) ’ 

&H?=- (45,000) calories per mole 

Formation: Tb+ 3 / 2 Cl 3 --^TbCh 

(estimated (JJ)) 


T.-'X. 

Hr-ffw 

St 

303.... 

4® .. -.- 

KO.. 

COO.... 

100 .,.. 

.(«7S1 

(1.380? 
(2.055) 
(2, 7T0) 

(17- 50) 
(19. 41}! 
(X ID 
(EL X> 
(a.X) 

900 ..., ____ 

(3, 510) 
(4.2W) 

(2A17} ! 

tm .-. 

\ _ __. 

(J. 030) 
(5. KB) 
{£.630} 

(2S.96) 
(X. 74) 
(27.44) 
(28- CO) 
(38.72) 

1 irn ... 

l am ... . 

(7. 450) 

UVl _ _ _ a ».r... 

ta *») 

LM0-- 

(9. 1WI 
(10, 040) 

(29.32) 

m si 

1,..----- 

J JJTjj_ 

(14. SMI 
(15, 6301 

i (3-v in 

I (33.61) 

>| 13AW) 

L BOO_——-- 

1000....- — 

(1B.430: 
{17, ^0 


(17.50] 
(17.73) 
( 13 . 30 ) 
(3R.7B1 
(19. 35 ) 
(Cfi. 90) 
(X 44} 

( 2 D 95 ) 
(21 451 
(31 93) 
(22- 37} 
(33 SO) 
(23- 32] 
(31 SI) 
(34. CO) 
( 34 . 44 ) 
(15. <11 
(is. m 


Diterbium Trioxide, Tb 2 Oa (c) 

-436,800 + 2,000 calories per mole (129) 

He plate ibium Dodecaoxide, THO^ (c) 

4 #^=-1,553,000± 7,000 calorics p*r mole (129) 

Fentaierbium Enneaoxide, TbjCb (c) 

ANvm^— 1,132,000 + 5,000 calories per mole {129} 

Terbium Trifluoride, TbF a (c) 

AH\n^= {- 275,000) calories per mole (5) 

5™= (25) f-u. ill) 

m.p.-c 1 , 445 *) k. (m 

(8,000) calories per mole 
B.P ^ (2,550°) K. (6) 

AHw= (60,000! calorics per mo!e 

Formation: Tb + S^Fj- ?TbF 3 

{intimated £1-0) 


T, * X. 

Hr-fftK 

ah; 


2*-■ - — 

500........ 

1,000.. . 

1.5D0. -----.. 

(Aooai 

(Ift.OfpOl 
(43.000} 

< 

j 

u 

—JLfi.OOO) 
-2)4.500) 
I-3U.4®) 
107,600) 

j 

I 

-30Q. 5001 
,- lW. COO) 
:-157 l 0OD) 
(-1*8,5001 


500.... 

i.dqg..-. 

L SCO..... ..I 


(4.000) 
(17.000) 

(12. ODD) l 


(-175,000) 
(-374, TOO) 
(-171. SOC) 
(-368.000) 


Terbium Tribromide, TbBx 3 (c) 

175,000) calorifs per mole (5) 
S™ - (46! f-». fH) 

A/.P.= n,lOO Q } K. (29) 

Afl jj = (9.000) calories per mole 
B P. -(1,760°) K, (6) 

AH IT-(44,000 ? calonss per molt 

Formation: Tb + 3 / 2 Bii——--TbBr,' 

(estimated (H)) 


T.* K 

Kr-jFf*i 

ah; 

a?; 

w ....j 


f—,175. 000] 

r- YU. MOJ 

aoo . .' 

i.ttB...... 

£16.000} 
1 (41,0001 

135. 6001 
(- S33.0®) 
(-K1.0001 

{- jia'.ooo) 

(-94, 500) 


Terbium Triiodide, Tbl 3 (c) 

122,000) calorics per mole t>) 
S' =(4S) e.u. (ID 
M >%(t,2l9 e ) K. (19) 
aN.= ( 10,000) calorics per mole 
%p^(l, 600°) K. (fl) 

Aflv— (40,000) talonw per mole 


Formation: Tb + 3 / 2 l 


1 UT Oj * “-I 

(estimated (U)) 


Tbl 3 




(-357. WO) 
(—34 A 000) 
(-315, DOO'i 
(-33. KM} 


T. ■ X. 


*h; | 


. .. 

ii®6) 

(-132.000) 
L - 145,4001 
; 1 -1 so xci) 

i (-124. (XC) 

-iuoffl 

0001 

t,O0C. 

(44 ' DOOj 

i-isiuoOIL 
























































































































































































heat content, heat-of-formation. and free-energy data 



Figure 53.— 1 Terbium. 


THORIUM AND ITS COMPOUNDS 
Element, Th (c) 

S asi = 12,76. e.u. {46) 

T.P,= 1,673° K. (150) 

&Hr— C6T0) calories per atom 
M,P, = 1,96S° K. (150) 

{ 3 , 740 } calories per atom 
S.P.= 4 f 500 s K. a SO) 

&Uv= (130,000) calories per atom 

Zone I (e) (298 D -I r 50G Q K.) 

C, = 6 , 40 + 3.05X 10-3 T+ 0,35 X 1 ^ 7-1 (£ 2 ) 

W r- #**= - 1,927+ 6.40 7*+ 1.53 X 10- 1 P - 0-35 
XIO 1 ^ 1 

Ft- = - 1,927-6.40 TinT- 1,53 X 10^* T* - 0.175 
Xi0»r^*+30-7ir 


T.’ K. 


5r 

{F r -/Jw) 

" T 

»S._. 




i<X> . 

?CHj 

IS. 04 

13 OT 

SCO..... 

|,6M 

law 

13. li 

SCO. ____ 

3, i30 

It 34 

11 3 L 

700_....__ 

S.2S0 

W,« 

11 B7 

KXl... 

4.130 

20 78 

IS. 94 

9M. _ 

S.D3C 

li as 

it. a 

I.™... 

5,330 

32. &0 

LAST 

1.IH>... 

B.MC 

23.71 

17- 4i 

1.300.... . 

7. 

J7 

1101 

l.^K).... 

a ,9ic 

2-5. 40 

It Si 

1,400... 

10,000 

26. 2) 

19. 0T 

1.JG0.. 

i 1,13d 

V. Y? 

19. Jr 

1.8TO.... 

in, aooi 

{27. W> 

(19. &*> 

1.7GC.. .... 

(13.3001 

caL3ni 

(20 SI) 

1,900... 

[U.&OQJ 

{20.061 

(21.017 


Thorium Oxide, ThO (c) 

A/f;* = — 145,000 calories per mole (&£) 
S*,- 16.1 e.«. U*} 

Af.P,* >2,500° K t UF) 


Formation: Th+1/20*--->ThO 

(estimated (^£)) 


r.-x. 


TV * X. 

AFf 

295......... 

j 

Hi 

TT 7 

I f 5CX! 

{*11X0001 

{-102.000} 

tft) ... 

2.000 

1.DUG... 

2 r aM..._ 




(-91.H3Q, 


Thorium Dioxide, Th0 2 (c) 

LiH'-n — — 293,200 calories per mole (65) 

$zts= 15.59 a.u. («) 

Af.P. = 3,225° K, (ff) 

a/fn —291,100 calories per mole 

B.P.- 4.670° K. (0) 

Zone I (c) ( 298 M, 800 ° K.) 

C*= 15.34 + 2.88 X 10-*T-1 60 X 10 s 7^3 (55) 

Hj— =■ - 5,388+ 15.S4T+ 1+4 X 10 Jl P + 1 60 ' 
X10»7^< 

Formation: Th + O,---^ThOj 

Zone I (29S°-1 P 500 3 K.) 

AC„—2,26— I.1SX lO-^T-l.SSXl^T- 1 
a7/ r = - 294,3 50 + 2,28 T- 0.59 X 1Q"» P + 1.55 X 10 s T"' 
Apr — — 294,350 - 2.28 77 fiT+ 0.59 X10+ 0 775 
X10»^ + 61,96T 


T ,' K. 

Hr-H*. 

Sr 

iL Hr 


296,... 


It« 

-2S3.2CC 
-ZH3. 100 

-373.450 

-771.700 

400.... 

1,600 

30.20 

BOO... 

3. 210 

32, 79 

-363.QK 

-3TC.1J0 

BOO..... 

4. B0 

».as 

-292.930 

-aj.600 

TOO. 

5. 53j 

29.91 

-393.450 

-261.030 

B0.... 

9.2H 

31 SS 

-292, TOO 


KM... 

w. aw 

34, O’. 

-292, WO 

-231.S30 

1JMD.... 

12,030 

1J.fl6 

-2K, SCO 

-0*7,450 

uoo. m ..„.._... 

13. XQ 

17. 7S 

-392. 330 

-242.450 

l.M. 

15,540 

99. 13 

-292.250 

-aH,4oa 

l^KC... 

17. BOO 

40. W 

-^2.200 

-OU.OOO 

1.40Q...- 

19. TW 

42 i3 

-292.150 

-229. 430 

|.J00.„., ........... 

3l.7iO 

4180 

-292,250 

-S5,WW 

].«B. .. 

23,740 

4J.M 

(-292.100.1 

f-aa.iwj 

1.700... ___ 

23.7SC 

44.31 

(-392,0001 

C—is a ooqj 

1,800.._............ 

27,770 

47. 44 

(-392.150} 

(-211.700} 


Thorium Teirafluoride, ThJi (c) 

477,000) calories per mole (//) 

5 ^=( 35 ) f.n. an 
a/.p.=( i, 30 o & ) k. an 

AH v = [17,000) ealarirs per mole 
B.r. = ti.ooin k. (N) 

AWr —(50,000) cnlurirs per mote 

Formation: Tb-^2F 3 — * ThF t 
(estimated (//}) 


THERMODYNAMIC PROPERTIES OF 6 5 ELEMENTS 


r,' x. 



Ar* r 



(-477. ocoi 

(■—451. ooc :■ 

SCO....,,. 

S .OCC______ 

(6. 000] 
(2.0001 

i-47i. BOO] 
-472.SK) 

(-lit 300) 
(-455. OKU 

\ SX - - ... 

[ja.oco) 

(-449,4007' l-J.-J.ww? 
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Thorium Trichloride, ThClj (c) 

242,000) calories per mole U?) 
5™=(43.2) t. u. US) 

Af.F. = (1,100 D ) K. (6) 

iW> = [9,OOO) calories per mole 

RP.= [1,890 s ) K. {&) 

&Ht = ( 46,000) calories per mole 

Formation: Th + 3/2Cl*-i——■->ThO] 3 

(estimated W^)) 


rr x. 

AFf 

1 T r ' E . 

fll’r 

aw _ 


-237, (KG) | 
-214, D»]! 
[-19AOOO)| 

\ 1,500.. ....,- 

f-t79,0C0) 
(-172. OW) 
(-161,000) 

scoii”’—-- 

1,000... 

I 1.000,..—-. 

3,500... _ 


Thorium Tetrachloride, ThCLi (c) 


^^=—285,200 calories per mole (XI) 
Sw=(44) «.u. (II) 

M.F.* 1,038* X. (6) 

A/fir=22,500 calories per mote 
B,P. = 1,195“ K. (5) 

A/fr = 36,50Q calories per mole 


Formation: Th + 2C1 3 - 


(estimated ( 77 )) 


VThCl< 


r.*K. 

Hr-Hm 

APt 

af; 

3DS-. 


-2SS.Xtf 

(-262. BCG} 

j^i __ 

(BLOW) 

(—2S4.,000> 

(-247.300) 

1(W .... 

<33. DM) 

(-2SD.UOD) 

[-211,00a) 

IhSW...— - 

(14.300} 

{-232.500) 

(-194,000} 


Thorium Tetrabromide, ThBr 4 (c) 


&Hnt= (—230,300) calories per mote (ID 

-[ 56 ) an 

M.P = 953° K- (S) 

aff*r = 9 r 50 G calories per mole 

BF,= 1,130° X. [6} 

aHt = 34,500 eateries per mole 


Thorium Tetr a iodide, Thl* (c) 

A/f5w=(—161,200) calariea per mole (IJ) 
5**” (63) e.u. (if) 

M_P.-S3$“ K- (ff) 

&Hu = 8,000 calorics per mole 

B P.= 1,110“ K. (fl) 

A H f= 31,500 calories per mole 

Formation: Thd- 2 l>--VThI< 

(estimated (7J)) 


r, ■£. 



AFt 

2W. ____ 


1- iji.aog.) 

( — 159,000} 

wo_______ 


(-1® 900 1 - 


j IHt . 

(33. DOG) 

U 174^300) 
{“137.800) 

i—SitSoSi 

t-72, «fl} 

i'jeo ... 

600) 



Thorium Di car bide, TLC 2 (c) 

AHm— —45 r 600 calories per mole (S) 

5 ^=( 30 ) e.u. ( 0 ) 

&F*t= { — 50 f 000) calories per mole (9} 



Figure 54,—Thorium 


Formation: Th4-2Br 2 -*ThBr 1 

(estimated (77)) 


T, ■ E. 

Hr-Hm* 

AH* t 

AFr 

2W 


[-30.3M j 

f-zn.aw) 

wc.. 

(ft, 000 i 

(-2+4,9W>i (-337.000} 

1,000___ 

(33.00G) 

(-231.200: 

[-172,300: 

1,500......-,-,,,-,-,-,_ 

(fis, J0O> 

(-1S8.TO0) 






Trithorium Tetranitri.de, ThaN* (c) 


AHm” —303+09 calorics per mole [S) 

^?i*— 4‘2.7 f. 11 . (9) 

Zone I (c) ( 29 S°-S 00 ° K.) 

0 ^ 27 . 78 + 31 . 8 X 1^7 [SS) 

Ht -hZ = ~ 9,696 + 27,7ST+15.9 XlO* J T* 


Formation: 3Th-r2N s 


^-ThjN * 






















































































































































































heat content, heat-of-formation, and free-energy data 


Zone I {29S°-&00° K.) 

- r __4 74-i■ 30.58X10-*T^1.05Ximr-* 

AiJ-- 308.2-w- 4:74 r+iawxiu-^+i-Os 


Af T 


i 30S250+4.7^1 TfriT--10.29X10'*^+0.525 
X 10*7^^52.077 


T, ’ £• 

fit-tint 

St 

af/T 

AFt 

— 


42. T 

S4. Jl 

63 51 
71. T* 

7S 

ss.gr 

-soft, 40Q 
— 1US.250 
—307. 850 
-307,2M 
-306,350 
-3&JS.-SOO 

^SS5$»fi 

M 1 M 1 1 

SCQ.. -- 

SB... 

tfin . 

j.fflio 
n, isn 
12.731 
ir.wn 
22. ^0 

TW..- 

B0.... 


thulium and its compounds 


Thulium Trichloride, TmClj (c) 

£ffz»= — 229,000 t&lories per mole (5) 

Sw=f391 f.u, [11) 

M.P.= 1,094 s K. (O 

Ax¥if = (9,000) calories ptr mole 

B.P ^ aTSCn-Xr {6) 

A Hr** (44 r OQ0) calories ■ mole 

Form atio'D: Tin + 3/2C1 3 -J-Tm Cl 3 

(estimated (If)) 


T, " Jt. 

Hr-Hm 

aHt 

AF* t 



-^3,000 
£-227.900) 
f-TH.OOO) 
£-210,400) 

£-212.600) 
(-»l.MOl 

r - 1 7-a. c«o; 

£-167,000) 

... 

see... -. 

1 000 ...._ - .. 

(S.DC0) 

(10.000) 

(43,000) 

1,600... 


Thulium Tribromide, TmBr s (c) 


Element; Tm (c) 


£tt,= (*?.l0) e.u. (if?) 

M.F.= ( 1,900*) K. {125} 
aHjj = (4,4001 calories per atom 
B.F. = (2,400°) K. {125) 

AJfr= (51,000) calorics per atom 

(estimated (I5£J)) 


T. * E. 

Hr -Hm 

Jr 

(Fr-Jf») 

r 

HH . __ 


(31, !0) 

(17.10) 

too.... 

(no} 

fIS- 

(17-32) 

i+C ... 

Cl, &£■! 

£20, W) 

(17,») 

SCO..... 

£2,010) 

£21-7]> 

fia 36) 

yog,.... r . 

(2,7101 

(22. ») 

It 91) 

sno ... 

(3, i*0’: 

(23, 73) 

(li,«) 

Su? ... . .. 

K ISO! 

(3+ ii: 

(19. «> 

1 ft)D ^ _ ___ 

(4. CM) 

(IS. 37) 

(30- 48) 

1 1« .... ... 

(S. SADI 

£36. 0*1 

£».») 

|,3K1..... 

(6. 4201 

(S6.7J) 

£21,42) 

1,300 ... 

U.JlQ) 

CS.qio: 

(27. 40) 

(21.») 

],40O, ___ 

(27. M) 

(22.27) 

l.tflfi ,, ........... 

(S.S30) 

£2IL 56) 

(22. 53) 

t.snn ... .. 

(9.GK-1 
(10,SlQ) 
£11,3701 
£16.6M1 
(l7 r 4M> 

£19. M) 
(29. Si) 

£23.06) 

1,700.... 

£23, 43) 

l.BOO... . 

(30 ID) 

iza. fa) 

l r »O0 ..... 

£32. SO! 

(34.13) 

2.«»........... 

£33. 30) 

- (34.56) 




Thulium Trifluoride; TmFj (c) 

AftTi«= ( — 366,000} calorics per mole (5) 

Saw =(25) c.u. {11) 

M.R={l r 61G e ) K. (tf) 

(8,000) calorics per mole 

£.F.= (2,500°) K. [S) 

Lt,Hy — (60,000) calorics per mole 

Formation: Tm + 3/2F 3 -*TmFj 

(estimated ("/!)) 



H r - Ht*i 

Off? 


2W... 


{-364,0001 

£-345.000) 

(-336.500) 

£-304,000) 

(-2S2.000) 

as.... 

li nnri’ 

1.000.. . 

1,300,.. 

* Ti WW i V ^ 4T-‘ 1 

(iT.ocxn 

(32.00011 (—3T6.O0U) 


= {*—167,000) calories per mole (J) 

Saw =(44) (10 

M.P. — {\ i 22$' > ) K. (5) 
aHu=^ (10,000)' calories per mole 
S.P.-(1,710 s ) K. (G) 

&Hy= (43,000) csIort.es par mole 

Formations Tm + 3/2Br a --+TmBrj 

(estimated (II)) 


T, * E 

ffr~ Hhi 

ah; 

A Ft 

3®.,._........._ 


£-167.000) 

£-160.000! 

S0G........ - 

^ (i~ix6) 

£-177, BOOT 

£-148.500) 

1,000.,___ 

f [8,0001 

£-174.900) 

f-133.000) 

L5QC...,„~ *.. 

£43, QW! 

(-160. 80G) 

(-103, ado) 


1 -50 
& 

5 HOO 

y 

| 450 
< 

3 
E 
O 

^ -200 
UL 

o 

ft -250 


-400 











■ 


TntF, 

1*1, 





TraClj 

Tf*9* 

r* 1 



F— " 


Trail, 

*** 





) - 





r^i 

> - 






) - 












JOO 500 


TEMP£RaTlR£, * K 
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Ficras 55.—Thulium. 


TEEEMODTNAMIC PROPERTIES of a 5 ELEMENTS 


Thulium Triiodide; Tmli ( c ) 

iHjw = (-138,000) calories per mole (S) 

S«“(47) e.u- Ul) 

JW.P. = 1,2S3" K. (5) 

HH^-{ 10,000) calorics per mole 
RF.= (1,S30 D ) K. {6) 

A Hr= (40+000) calorics per mole 

Formation: .Tm+3/2X s - —*im 

(estimated (II)) 


r. ■ E. 

Hr-Hi- 

ah; 

Alt 



£-ia. ox) 

( _|Oi, J£C) 

£—123. ^0) 

_... 


(—159.300! 


1 DOQ ... 

£19,000) 

(-165,600) 

(-1UM0) 

^”^500' 

IJWL —- - 

■(«,{BQ) 



tin and rrs compounds 


Element; Sn (c) 

5„,^I2 T 29 €.u, {83} 

M F.-b 05° K. {82} 

A Hm= 1,720 calories per atom 

B.jP.—2 T 96G° K. (ISO) 

aHt — 69,400 calories per atom 


Zone I'(c) (29S°-505° K.) 


C w - 4.42 + 6,30X10-' T {82) 

hZ= - 1,598 + 4.42 7+ 3.15 X 10 _4 7» , rt _ 

598-4.42mr-3.l5XlO- l T>+19197 


C,-7,30 {82) 

-526 + 7.307 

Ft - hZ = - 520- 7.30 Tin 7+ 33.417 


Zone III {l) (l,300°-2,000 s K.) 




Zona I (e) C29S a -l,273° K.) 

C,= 9.35+3.5QX 10“ l 7 

—3,120 + 9.957 +1.75X10 -1 T 3 

F onn a tio n: S n +1 /2 O*-*5 n.0 


Zona I (298 d -50S° K.) 

iC _i 95-3,3XK>-’T+0.20X10 i 'j^ 

itf* _ 66,720+ 1.95 T- 1.55 X 10-P-0.20 X 10<T^ 
lX_ - 88 7*0 - l.»n»T+l.MX 10-P-0.10 
y'10‘7'- , + JS.26T 

Zone II (5O5°-1,30O° K.) 

, r _n M -^3 OX 10-‘T+0.20X IPT-’ 


T. M K 

Hr — Hnt 


AH* 

AFt 



13.5 

-64.330 

—41, 400 

400. . ... 

i. 130 

16.79 

-53.3.W 


100 . .. _ 

2.2S0 

19- 3 1 

-4^530 

£j' 

MXi ._„ T .. 

a, ts 0 

3L 53 


TO...— 

eoD ... 

4,660 
i.930 

33.41 

23,09 

—69. J&0 
—H. TOO 

51 Bfl 
-49" IDO 

90a _ __-. 

L (HI . 

T.2LD 

S.5S0 

26. 51 
23- OL 

-flfl! 230 

-43. SCO 

l.too... 

9.SM 

29. SO 

— M. CM 

””34' sw 

1JQ0....,.. 

1^00...--—- 

11,270 

1 12,690 

30.53 

31.57 

-flfcliiO 

1 -t3«i400 


Tin Dioxide, SnO a (c) 

—138,820 calories per mole (7J) 

12.5 c.te, {83} 

£.£. =2,123“ K. (91) 

Zone I (c) <2S3°-1,500° . K.) 

C =17 6B + 2 40X10- 1 7 , -5.16X10‘T- 1 («) 

Ht -h^Z -7 100+17 65 r+ 1.20X 10 -T-+s. 16 

X10>T-> ■■ 


r. ■ k_ 



[Ft-M^ 

Hr— H= 

. 


T 

' 

. 

12-M 

12-29 

1135 

11» 

40(J ——* 

630 

14-23 

500. .1______— 

1,400 

13.45 

600_— ---- 

1.650 

20.59 

li 17 

TOO ... 

4,5# 

2L 72 
22-M 

fW 

800- — 

5, 310 

7T „ 

B0Q 

6.040 

23.55 

, XI 

l at-.,___.****-—— 

6,770 

J4.S2 

23,02 

17- w 

l'll]Ci.._......._........ 

7,500 

ia 79 

J^jll 

B.2B 

25 45 


1 XT; . ...,_ 

8.960 

24 21 
(2^77) 
£21.2S' 
£27.75) 
(28.191 
C2&-B1) 
j £29.00) 

1 £29-351 

tS. 85> 


£9,S«0i 

1 Jflo _ 

(10.4201 

(20 m 
£11,21) 
[21.41) 

ISiO..,. __ ___ 

£11,1MJ 

i’ttxi... . 

01.880! 

1 PU0 ____ ____ 

£12.610) 

,■ e-1 gc'i 

1,9®.-----_ ....-—— 

£13.340) 



(14.1T70) 

(22- 35) 

*r 4AA *—■* ■ '-^ ’ 


l 



Tin Oxide, SnO (c) 

A//ta= —68:350 calorics per mole (7/) 
Sm- 13,5 t.u. {S3) 

M £.= (1,315“) X. (-(21 

(6,400) calorics per mole 

(1.800°) K. U*) 

&H r = (60,000) calories per mole 


Zone I (298°-505° K.) 

fc-I«3«!reSmi*+s.»xia J P+a-» 

X 10 i 7 1_!l + 90.747 
Zone II (505°-1,300° K.) 

4 H - - 2 143 1 UW+3 2 r+V? 6 X \0-^+ -116 X10> T-' 
i5P-l«:i90 - 1.2 TlnT— 0.7 X 10-7-+2.38 
x 10 * 7^+ 76.587 


r, * E; 

Hr —t 

St 

AH' 




12.5 

-338. p 

-124, a® 

-119.3CO 

400_----- -■ 


IA H 


-114.500 

500.--.....--X 1 

SCO... 

7m .- r , r 

3, W< 
4.7K0 

li. .O 1 

20. Ift 
J3 43 

N. s* 

2-V fU 

ton 

- us. vr. 

-]U9 -TOO 
-104.300 

(R) r ..... 



-jh.2111 

aX-.... 

IP, 2M- 

3 11 


*g.2on 

g .. 


-l 

_h4 ™ 

U0Q__....- 

[ , .. 

14- 

tiVil- 

V .'.I 

. [,i7. 

—1^1“ -100 

-75. ^5 
-74. 4'" 

ih®. 

1,400 .. 

1,500- —. .■■ 

lit U'W 

4 i_ ^+u 
22.44U 

[7 

3 ,J 71 
4). It) 

- as". ^ 

-U0.3W 
























































































































































































HEAT CONTENT, HE AT-QF- FORMATION, AND FREE'ENERGY DATA 


Tin Difluoride, SnF a (c) Tin Tetra bromide, SnBr 4 (c) 


3 (— 158,000} calorics per male (1!) 


- 29 r.u. 

UD 


M.l'.= +iMK3° 

K. (tf) 


«./'.«-> 1,500° K r {ft) 


Formal ion; 

Sn + F a 

-♦SnFj 


(estimated (/ /)) 


r,"E. 


AHr 

47) 



i-m DCO] 

c — l-CB, 5«l> 

— .. . 

^ J "(46oci 

i-157,0001 

l-Hi, 50CIJ 


Tin Di chloride, SnOL (c) 

&Hm= - SI,.100 calories per mote (II) 
S m = (34) B ,u. (II) 

AJ.F.=5O0 9 K. {6) 

, 111 ^= 3,050 calories per mole 

£.i\ = 925 a K. {&) 

A Hr** 19,500 calorics per mole 

F o rm alien: Sn + Ot j —-n CL 

{estimated (11)) 


TPX- 

Hi—Hm 

iJij 


Hri .. 


-Bt.OtE 

f—71, 500) 


'liioooi 

{^Sl ,000} 

i-S5.5dd) 


Tin Tetrachloride, Sad, (£) 

—127,400 calories per mole (II) 
5tm=62,2 t.u. (S3) 

AF*w= — 16 f 90G calories per mole 
Af.F.= 240* K. (fij 
1/1^=2,190 calories per mole 
&F. = 3S5* K- 

6 H T = S,325 calories per mole 

Zone I (s) (29S°-I T OOO fl K.) 

C,-25.57+Q.20X 10- 1 T— 1.87X (8t) 

H r - if™ = -8,260 + 25,57 T+tUOX 10-»T»+1.S7 

XlCHT- 

Formation: Sn 4- 20*--->5nCl* 

(estimated (f I)) 

Tin Dibromide, SnBr a (c) 

i/IsM— — 61,400 caJories per mole (II) 
SrM=m) f x*. (II) 

AJ.P. = 505* K. (6) 

AJ/jr= 1,720 calories per mole 
B.F.^9]2 D K. {£) 

Affr*=23 h 500 calorics per mole 

Formation: Sn4-Br z —-*SnBr 3 

(estimated (It)) 


T, * K. 

Hr-Hi* 

dlfr 

af; 

>.. .... 




Mkn...^ — 

(4.0DCTI 

{-$*. *001 





Aflim i*= — 514,700 calories per mote til) 

■Vtm“{R 2 } i-.ij. [?/} 

K. (ffj 

calorii* per mote 
K. (fi) 

Ollif** £10,500)-cal erica per mote 

Formation: Sn + 2Br 3 -*SnBr 4 

{estimated {!/)) 


T.* K. 

Hr-Nsi 

iff? 


3ff=..... . 



f—27. OOOi 

iffi. 

(■22 000? 

t-W DOC; 

( —Tfl.DOdi 


Tin Diiodide, SnL (c) 

&Hln= — 38,900 calories per mole (II) 
&it={4t} *.tu (II) 

M.P. = 593* K. {€) 

&IIm = (3,000) calories per mole 

B.F.~9S7 fl K. (6) 

aU v — 24,000 calorics per mole 

Formation: Sn+-1 a —-—^SnD 

(estimated (11)) 


r, * E. 

Hf-Hw 

AH^ 

&F' t 

SfiS -„--- -.... 


— 39 , ®C 

(-M, S007 

KC.. .. J 



BDd! 



FlGtRE 56,—Til). 


THERMODYNAMIC PROPERTIES OE fi 5 ELEMENTS 


TTTANIUM AND ITS COMPOUNDS 
Element, Ti(c) 


£ m =7,24 e u. {S3) 

T.P.= 1,150* K. (8S) 

A/f T =950 calories per atom 
MP. = 1,998° K. (94) 
aH v = 4,500 calories per atom 
B.P =3,550° K. {7} 

A/Jr= 101,000 calories per atom 


Zone I (a) (298 a -l,150 D K.) 

C,=5.25-5-2,52XlO- a r (SS) 

Hr-Hm= ~ i,6T7 + 5.25T+ 1.26X1(ri 1 T* 
f 677-5.25mr-U6X10-*r i +28.66 T 


730 (S3) 

tfr-//■.= - 1,650+7.50 F 

Ff— - 1,650-7.50?^?+ 43.i T 



Titanium Oxide, TiO (c) 


—123,900 calories per mole (W) 

j?s»= 8 . 3 l d.u. iS3> 

?,F.= 1,264* K.-<W 
Affr^S^O calories per mole 
Af,P.=2,293 d K. (04) 

All jt= 14,000 calories per mole 


Zonal (0 (293“-1,264° K.) 

C,= 10,57 +3-60 X10-' T- 1,85X 1F7 1 -* (SS) 
H T - Hm = - 3,9354-10.57 T +1 .SOX lO-'TV-1.85 

x io *? -1 

Zone II (t) (1 I 2&4°-2,000“ E.) 

C J =U.B5 + 3.0OXlO- | r(S«) 

-4,I«J + ll-B57 , + 1.5QX10- , r> 

Formation: Ti + l/20 2 --*TiO 










iC P >=-o.5i + 3.iox3 0-*r^i.ftaxio*T^ 

— 125,050 —O.fllT-t-l, 55 X 1.65x 10* 7*^ 

AFt~ — 125,050 + 0.51 Tin ?— 1.55 X lO^ 1 T”- 1 - 0 B3 
XlOT^i+ 21 , 80 ? 


Zone III (1,264 "-l,BOO" E,) 


iC, = 0.77 4 2.50X lO^ 1 T+ 0.20X 3 0* T" J 
A-Ht^ — 125,24 540.777 1 '-M.25X lQ-'T 1 — 0.20X lO^T -3 
aFt- -125,245 — 0.77 77a T- 1.25 X IQ-'T 1 —0 10 
Xl 0 »T-i+ 30 . 8 T 


T, * JL 

fir ~ If™ ! 

3, ; 



.—.. 


a 31 

-m, to 

-1 K. WK 

«0. --- 

r M T«o* 

11.42 

"l^BDO 

-IUi» 

ADC . 

2.7® 

13. V, 

-133. WO 

-11*240 

--—, 

3. *10 

is, a 

-133.ICO 

-110. cco 

7®... 

1.5*0 

is 02 

— i^a.Ufl 

-103.7® 

80C..-.-.. 

5. 910 

I t. 72 

-123.2CD 

—ids, icn 

gm..,... 

1. wo 

21, n 

-123,030 

— 103. 200 

1,0£K_...„. .. 

a.sno 

H 71 

^1C!> iso 

-MSI. ICO 

1.100... 

10. mo 

34.K 

-12L50Q 

-9&.ra 

1+0.. 

11.490 

25.3* 

-13,300 

-45,700 

1.S30.. .. 

15.140 

77,21 

-12, 100 

’(rt.WO 

1,(00..... 

15,430 

38. W 

| —131,700 

-M. JOO 

1,500. . . 

17,050 

S, 51 

-121,500 


1,800. 

IS, 7® 

51.57 

-13], 750 

-BS.S50 

j.lffl_ _ ........ 

3Q.3SD 

31 50 

. -l+.ODG 

-86.400 

i3CO.„.._.- 

z^oeo 

33-57 

-119,150 

-W, 750 


Dititanium Trioxide, Ti a Oj (c) 

AHk= —362,900 calories per mole {£#) 
5™=18.S3 t.u. (83) 

T.P.- 473° K. (£5) 

AH r =215 calories per mole 
M.P. = 2,400* K. (8) 

^^^=383400 calories per mole 

Zone r(=) <293 a -473° K.) 

C.^7.314 53.52X10 J, T (8£) 

Hr— Htm= ~ 4,556+7-31 T+26 79X 10"*T» 

Zone II (|3) (473^-1,800° K.) 

C.= 34 68 + 1,30X \0~ l T- 10.20X 1D*!T^ (SS) 
-13 4 34.587+0.65X10-* 7^4 10.20 

X 10* T" 1 

Formatioo: 2Ti + 3/20 a -- 


Zone I (29S D -473 5 K.) 


^C,= —13.93446.9SX lO-'r+O.SOX 10*T^ J 

AH t = -360,630- 13 93T+ 23 .49X lO^P-0.60 

Af t = - 360.630 4 13.93 77aT—23.49 X 0.30 

XIO^T^l- 11 AIT 

Zone II (473°-l ,150° K.) 

AC T =t3.44-5 24XlO- t r-9.60XlD*T w1 _ __ 
Af/ r = - 369,620 4 13,44 T- 2.62 X 10- 1 T*49.60 
XlOT 1 ^ 




Zone I (298 “-1,150° K.) 

iC.-= 1,74 4 0 58 X 10^'r- 1-66X1O*? 1 ' 1 
aH t = — 125,000+ 1.74T+0.29X 10- a T'' 1.66 X 10T"' 
aF t = -125,000 -1.74Tin T— 0-29 X 10” 1 T> 4 0.83 
X 10*7^ + 36.127’ 


^one III (1,150^-1,500° E.) 

6C,= 8.94-0.2X 10-^-9.60X10*7^1 
aH t = -369.7304 8.94T-O.10X iO-'P+9.60X 10 s I 
-369,730 — S^nnT+O.lOXlQ -1 !^ 4 '^ 





































































































































HEAT content, heat-o^ohmation, and free-energy data 


14 


St 



—.... 

..*--*■ 

SOU-...,.—. —. 

^ljl ___.,- 

s, irtn 

B.1W 

IB. 53 

i3. 70 
34. 

-363. 40C' 

“3*1, SGt. 
-360. W0 

-JJ3.300 
-33S, 150 
-K.OOO 

T^Ji.1 ____ 

1C. Wfi 

4i 6? 

]£p0 

— IDO 

!«P--- 

gfjf 1 . 

IS. ?3fi 
Iff,?™ 

49. n 
51 S9 : 

i — 35S. iCC 
-3*!.6W 

-xlV uyr 
-347. KW 

j |,U' ...._..... 

21 

So.SJ 


i.mv--- 

1/JW... 

1JUU —.. 

26. 

3, 

ss.x=n 

36.450 

CP. ?L 
fu.?S 
W:, 13 
SiTfl 

-3J7, 3U1 
-3itf, 3^5 
-157.55C 
-35S. 7® 

—2S0. 500 
-3H. 1W 
-77s. 550 
-J73.3® 

t ioo _... 

-W.Mm 

7J.39 

-3ie.050 

—3*6, 4aA 
-360, ECO 
-1^, 750 

i.ecn..,.... 

+4. 2KJ 

715? 

-155,10Q 


47. a® 

75. Bj 

-154, 3® 

_ _ 

__ 

51,1® 

77.43 

-153,450 

—US. -tw 







Tritdaniuin Peat a oxide, TijOs (c) 


Titanium Dioxide (Rutile), TiG 2 (c) 

&Hj 9 t=- ^225,600 caldries per mole {68} 

5th- 12.01 e.u. ( 83) 

Af.P. = 2.L23 4 K, {94) 
i/fy^ 15,500 calories per mole 
RR=3,273* KM 

Zone I (c) (233 D -l f S&0° K.) 

C ? =I?^7 + 0.28XlD' i r-4.35X30 i T-» [35} 

H t - H j* - - 6,825) ^ ] 7,S7 T-r 0.14X10^7^ + 05 
X HP?" 1 

Formation: Ti-i-O;-— -►TiO; 

Zone I (298°-l i 15Q o K0 

AC%=5.56 -3,24 X1 O’ 3 T- 3.95 X i &T~' 

A H t =-228,520+5.567-1.62X lO^T^+S.SoX l^P-' 
Af r - - 228,520 - 5.56 Tin T+ 1,62X ltH^ +1.97 
X 10 s 7 7 " 1 Hr 83.64 F 


aH^= — 587,000 calories per mole (Gff) 
£**=30,9 «.m. (S3) 

T.P. —405 31 K. (32) 

AH t= 2,240 calories per mole 
M_F.= >2,500° K. (iff) 

Zone I (a) (29S‘M05° K*} 

C„=35-47+ 29.SOX 10“ 3 T {32) 

I 1,887 + 35.47T+ H,75XID" 1 T 1 

Zone II (3) (405°-l t 400° E.) 

Ck= 41,60+ 8.00 X10- 1 T {82} 

Hr - -10,230 + 41 .(>07+ 4.00 X 10 -3 T 1 


F or rn a tio n: 3Ti +- 5 /20 a -“*T i t Oj 


Zone I (298^50° K.) 


aC- 

&H r 
AFt 


= 1,52+ 19-44X 10- S T4- l.OX 10*7^ 

= -5S8.07D + 1.82T+ 9.72 X lO" 1 ^- UOX \&T~i 
= -5SSi070- 1.8277*7-9,72 X lO-^-O.M 
X 10*7^*+130 JT 


Zone II (450°-!, 150° K.) 


Zone II (1,150**1,800 6 K.) 

aC,=3,31 -0.72X I0- 1 T- 3.95X 10 s T 1 ^ 

A H r = - 228,570 -f 3.31 T- Q.36X 10“ 3 T* + 3.9SX 1F T ~ 1 
aF t =- 228,570- 3.31 Tin f-r0,36X 1 0“ lJ P+1 -95 
X 10* 7^+68.47T 


T r m H- 


St 

a Hi 

■ APj 

aoa , __...._ 


12.01 

-234,600 

-211*® 

«o.. .. .. 

1,540 

1S.« 

-224,400 

-307. JOC 

400____ 

3, L® 

14:43 

-225. 3EH 

-303, ■SCO 

aoci........ 

4, 735 

23.90 

-225. MW 

-1M.3CO 

to o. 

4. +0 

35. n 

-234. 750 

—194.950 

flCQ... 

1,160 

27-S3 

-224. &5D 

-1®. 7» 

«X ... 

9,900 

». 8? 

-234.3*0 

- 1B6. 55L1 

1,000. _-. 

1L+40 

31.71 

—ZJ4.2D0 

-182.150 

1,100.... „ 

13. OO 

33,40 

-234,000 

-178.000 

1,300... 

is. aco 

14.45 

-E4.SCC 

-173.89C 

_‘___ 

lr.ffjo 

36.39 


-1M.SK 

l.«0.,......—. 

15. (30 

17. U 

-234. SW 

-!«. 450 

Moo... 

30. toO 

39.01 

: -234, XM 

-153. 2D0 

1,500. ... 

23, i*0 

*0.22 

1 -223. aso 

-157,350 

1,7®.,....____ 

34 +j 

41, 37 

-£31,-600 

-U3,100 

MOD... ... 

36. HO 

42.4* 

-223. ISO 

-149, 350 


aC,= 7.95 - 2.06 X10- J T+ l.OX 10* 
aH t = ~ 586,330+7.95 T— 1.03X 10-?7^— l.OX 10 1 7^* 
aF t = -586,330-7.95 TlnT+ 1.03X lQ- 3 T a -0-5O 
Xlt> 5 7^ 3 +159.57T 

Zone III (I, 150°—1 t 400° E.) 

AC p = L20+ 5,50 X 1 O’ 1 f+ l.OX lO 4 ^ 1 
Atfr = -586,460+1.207+2 75X1 l.OX IPT^ 1 

aF t « — 586,460— 1.20TMT—2.75X 10“ 1 7' 1 —0,50 
X iO*r- 3 + ll6,2T 


r,*E. 


Sr 


&F* t 

236. __ 


30.9 

-5ST OKI 

-553.300 

400..... 

4.560 

44.13 

-586,000 

-ui.floa 

500 

11,570 

13. 75 
6S.22 

-S82.S00 

-S31.1® 

KB_____ 

16.2® 

-582,050 

-52G.65C 

700... 

20.380 

75,40 

-»1. *™ 

-510.7® 

AB... 

25,530 

11.64 

-MU, &U0 

—5CO,700 

900.... 

30.290 

17. 31 

- MT. 40.1 

-49L.HE 

. 

15.D3T> 

9tC 

- am>, wu 

-4Ai. 9® 

s. .... 

40.270 

97,4? 

: -57y, 150 

-471.050 

1.2®... 

45.510 

in: 79 

i ->LI50 

-4£0,i50 

1,300.*.,... 

».m 

105. ffl 


-45C.5® 

1,400..,... .. 

W.S10 

109. 73 

' -STV.SSC 

— 440.750 


Titanium Difluioride, TiF 3 (c) 

AHtm— {— 198,0001 calories per mole [!/} 

CM, {11} 

Formation: Ti+Fr— ->TiF 3 

(estimated (21)) 



Hr- 

an; 

AP} 

^96 ... 


(-1960001 
(-197. COO) 
(-1M, {ran 
(-193. OOGI 

f-187.000? 
{-179-OOtn 

(-]«£>. Docn 

£-142.000) 

500,.,*..-.- 

1 000 

{4.000} 
[14.000} 
(25, KM i 

l t Ki) . JFJ _ 



Titanium Trifluoride, TiF* (c) 

aH- v -{— 315,0001 calories per mole (M) 
= f.v. ill) 

Af.P.-It,500 th , K. {6) 

AH*'— {12,OOU'j calories p-er mole 

B P. = U,70U*> K. 161 

aHt- (49,000) calories per mole 


thermo dynamic properties of bs elements 


Formation: Ti-r3/2F a - 
(estimated {11)) 


TiFi 


T. * E, 

Hr - Hm 

aHI 

AP't 



(-315,0001 
(-314, KB' 
(-309. DtMi 

(-JW.500? 

kr..,....— 

c+cnc-i 

{i7 r ooa:i 

(55.0001 


1.S00. ....“ 

1 (-303,000) 

(-37 000) 


Titanium DicbJorids, TiCl; {c} 

^ M\m— —123,700 csJones per mole {86) 
S im = [ 24,3) t.u, (85) 

F 0 nn ation: Ti -r O i— : 

(estimated (3^)) 


TV ■ E- 

Ht-H* 

AHr 

All 



-12J.0C0 

(-112, 150) 
(-106. SB) 

i i<C\e fiTi’L 

4C0. 

(i. TOO? 

(—122.3®? 

600 

(3.600) 

(—1*2,35C) 

( -> aSJa, tAA.'.r 
£ 1-Pil Win 

OQCi" r - 

£5,4X1 

(—122,050) 

(—121,700) 

\ — Iw L i 

JK}”,”____» 

(7,340) 

E/ljl 

|D0 . __... 

(9, MO) 

[ — 121, *CC) 
(-121.0001 
(-120. S»? 
(-120,050) 
(-13). 7SO] 

(-B1, iX) 
f-ffi. 30C) 
(-Si, 1®) 

wo!.*.-—- 

1 0£E' _......- --*..**- 

(11.270) 
[13.300) 

X 1® ... . ___ - 

(15, 330) 

UP0,_„*___ — 

|U, SB) 

” 


Titanium TiicbJoride,, TiClj (c) 

172,000 calories per mole { 86 ) 
S«-{33.4) e.u. {BS) 

Diapropartionates (1 T 200 ) A- toj 

Formation: Ti+3/2C1j~ 7 ►TiClj 
(estimated {86)} 


T, * E. 

Hr -Hm 

AHl 

A F\ 



-171,000 

( 

-15S.960) 

+Q0 -**»-«—:« 

■ (i"no> 

(—171, 5501 
(-171,1®) 
(—170,700) 
(-170,3001 


— ISO. 5DO) 
+ 145. 300) 
[—140, ISO) 

jni ^ __—-- 

(4,560) 

I 

fl0£}_ -__ - -__ 

(7, £770) 

1 

7^fi ..**».«—— 

(9. 5601 

1 

) n ■aft' 

5DG . _ . ___ 

{li, no? 1 

( — 1*9, 7001 

I 

IJO, [aj? 

[ —■ L3 5- S0C) 

__ ___ 

(H.7 «) 

(—169.1505 
(-1H.60C) 



1 QlA___ 

(??, 430) 



1 |.00 ...__ *.. 

{20,1®) 

{ —1*7, 9601 
(-■68„®0l 


110L 7Sfl) 

1200 __ 

(23,0®) 







Titamum Tetra chloride, TiCl 4 (0 


— 192,100 calorics per mole {36) 
5n= 50.50 i-v. (S6) 
iM.P.-250 e K. (5) 

A H if = 2 240 calorics per mole 
5.P,— 409° K. (£) 

A/7r=B,346 calorics per mole 


Zone I {g) { 409 o - 2 ., 000 o K,) 

C =25-45+0,24 xiO^T-a-afiXlVT 1 M 
^ T _ H w -- £.390 + 25.45 T + 0.12 X 10^ 1 T + -36 
X 


Formation: Ti + 2Clj^-*TLCLi 

Zone I (29S 409° K.) 

Zone II (409°“l,i50 B K.) 


AC t = 2.56- 2.4 X 10-= T - LQX H^T^ 1 
A/fr— — 163.300 + 2.56T- 1.2X 10“ I 7 ,1 + 1 Ox I0*7^ ! 
iF-= - lS3,300^2.56T/nT+1.2X10-*T*-0 5 
X10»7 L '+46.78T 

Zone III fl, 150 ** 1 , 000 ° K,) 

AC 0.31 + 0.12 X10- 3 T - 1 .OX 10* 7^ 

AWt=- 183 , 300 + 0.3 ir+g.OflXlO'*T*+ 1 0 X 10 * 7 ^^ 
A Ft— —163,300— 0,31 Tin T -Q,G6X iCh»P-!-0 5 
XIO'T’ 1 + 32.417 

{estimated (86)) 


T. * K- 



1 , 0 ®.. 

1,1K...,_ 

IJiJd__ 

1^._ 

1+C_— 

1.500, 

1.400.. ... 

1,700.. 

1J13,. 

1.500.. ....... 


Ht-Hjh 

St 

4H^ 

Afr 


59-50 

-192, ICO 

-171. VD 

3, 3® 

70. S3 

-190.600 

^570.550 

14,670 ( 

W.&4 

— IE?. 10C 

-1*7,450 

17,150 

101.16 

-181,9® 

-1*4.500 

19,655 

IDS.® 

-18), KB 

-Ifll.SB 

22.130 

ICS. 33 

-181, HO 

-158,™ 

34.75C 

111.16 

-181.900 

-155,850 

2T.2fi5 

114,06 

-lit. 800 

-133,950 

2S, WiJ 

11*.49 

-181.753 

-150. 0® 

32.375 

118,72 

-ISC. 750 

-147.1® 

34.915 

[ 120 17 

-182. 750 

-144.1® 

37.505 

122. 57 

-1B2.A50 

-141. ISC 

40. L50 

1 1S4.+4 

-182, KB 

-138, UO 

' 42,64C 

; I26u ID 

-LE.SW 

1 -135,20C 

45.2® 

i 127.66 

-132,630 

1 -132,230 

47.765 

J 129-13 

—192, ECO 

; -129,260 

50-360 

130.52 

-M2, SB 

I -126,250 


Titanium DibroDoide^ TiBr 2 (c) 


95 ,000 ^) calories per mole {11) 
Sn*= (303 e.u. Ul} 

Af.F, = (900 D 3 E- W 

aH h ^ |S,0<XJ+ calories per mole 
B P.= f 1,500°) K. {6) 

Atl r = (33,000) calories per mole 

Formation: Tii + Br 3 ->TiBr 2 

(estimated (/i)) 


r. “ e. | Ht—Htii 

A/fr 

AFl 

\ 

fill 

iUi 

1 

\ 

( 

IMI 

i 1111 

™..:__J iifflni 

l lOQQ ^ ..(21,0001 

13S._-.:n:::::-.-| <“>™* 


Titanium Tribromide, TiEr^ (c) 


i:i2 r 0(Xn calories per mok (ID 
Sm=( 43> fc*, (il) „ 

Disproportianatics (1,200 ) K: (o j 

Fan nation: Tt t ^ f -Br ? ———>TiBr, 


r, * e. 

i ,Hr—Hm l 

ah* 

i/r 


| ■ 

131.0001 

< _ 12* 5CC’r 
!_ n:,000' 

SB..******...„. 

J.OtM. - 

HtflOOl 

(-142.STJI 
(-139, WO' 

{_9l!<jcnj 














































































































































































HEAT CONTENT, HE AT-DEFORMATION, AND FREE-ENERGY DATA 


Titanium Tetra bromide, TiBr 4 (c) 

— 148,200 calories per rnoEe (££} 
Nrt> 58-0 <r u_ {B&} 

M.r.^ 311° K. (6) 

&H k =*2.Qf>Q calories pcf mole 
B P = 503* K. (6) 

AH r = (11,000) caloric* per mole 

Formation: Ti + 2Bij-———-*TiBr* 

{estimated (5£)) 


T, ' X- 

Mr-Hm 


aF? 

rs 


-\a.7oa 

— 142.000 

soo„,„’ ”„.i_ 

.tlriOCO)" 

(-IM.OQQ) 

(-[32,000) 



Titanium Diiodide, Tils (c) 

AH'nt— f—BJ P ino} calories per mote (1J) 

Sr* = (23) e.u. (11) 

M.P. - (90G°) K. (6) 

= (6,000) calories per mole 
B.P.= (1 f 30C ; ) K. (ff) 

&Ht= (27,000) calories per mole 

Form a t ion: Ti+I : --*T il 3 

(estimated (II)) 


T t - X. 

Hr-f 

aJf? 

Ajrj 

Mfl- 


(-&L 100) 

(-tl cool 

(-SA0O01 
(-36, KB) 

(-w.soo) 

<—57. ODD) 

5CG.. T ..„.„.... 

(4. 000) 

(U. -ooo :• 

IS0.MQ) 

1,000 

1,50]_____ 




Titanium Triiadide, Til 3 (c) 


Formation: Ti + 2I a ->TiT i 

(estimated (.//)} 


T t *£_ 

fcV-AF™ 

Am 

AH' 

»___ 


f— io i r tooi 

' f _ 1 ft" VA'I 

&CC.. 

*.— 

"tii. DOO) 

?—ism! &oq> 

1, “ LU k - IPJjj 

(—SV. iCTj) 


Titanium Carbide, TiC (c) 


Oft* — Q.ftt f.il. 

A/.P. =3,450° K. (9) 


Zone I (c) (298°-l,S00° K,} 


C r *= 


11.S3+0-B0X 10 _i r—3.58X 10*7^* (3*1 
- 4,764 4-11.83 T4- 0.40 X10-’ T* + 3,58' 
xio*r- 


Formation: Tid-C-*TiC 

Zone I (29S°-1,150°K) 

dC,^ 2,48- 2.74 XI Cri* T- 1 4&X ID 1 T~* 

A #>= - 45,100 4-2.48 T— L37 X 10" 1 T*+ I.4g X KPT” 1 
&F r = -45,100— 2.4877nT+ 1.37X lO-^ + Q 74 
X10* T“'+19.41 T 

Zone II (1,150^1,800° K.) 

&C r = 0,23-0,22x 1Q” 1 T- 1.48X 10 s T^ 1 

AH T = - 45,200+ 0,23 T-0.11 X 10’* T*+- 1.43 X 10* 

— 45,200- 0.23 Tin T + 0.11 X 10^* T 1 + 0 74 
X +4 95 T 


AH^= (— 30 r 000) calories per mole (11) 
£*»=(47) ( ju. (11) 

Disproportionates >1,200° K. (6) 

Formation: Ti-r3/2l a —-+Tilj 

(estimated (11)) 


T,*K. 


AHf. 

AH 

.. 


T IT 

HI 

(-79. CTO) 

( -TS, 0O0) 
(-«, 000) 

too_ ___ 

is, oobi 

t30,D00) 

1.000. 



Titanium Tetraiodide, Til 4 (c) 


T, ' E. 

Nr—AT w 

St 

JuFTr 

aH 

3S8.. . 

«9.,. 


47U 

LSI 

-44. 100 
-44.0m 

-43,303 

-43.000 

JOG.... 

l,«7 

[O.t 

—43.150 

-47,7ft) 

600... 

S.ffiJ 

12 82 

-43.100 

-42.500 

TOO., „ 

*,E5 

-11. 5S 

-43.350 

^ i 1 ? ■j.v> 

too. .. 

6.^5 

ia ii 

—43,550 

-42050 

900.___ 

5,«0 

IT. 56 

-43.900 

—41.S0O 

1,000.... 

7, 830 


-43, SCO 

-41, MC' 

1+00.. 

B, 080 

D.CA 

-43.950 

-41,350 

1JOO. 

10.UO 

71.(H 

950 

— 40. 6M 

1^00.. .. 

11. SOG 

m i< 

-45.000 

-40,700 

1,+W. 

IS.B&3 

23 .'3D 

-4S.00Q 

—40, *<30 

3.AQ0. 

U. 130 

25.-ae 

—AS. 050 

-40.05P 

1,600 .., 

15. 

W.7B 

— 43, 100 

-39.650 

1.TO0. . 

lfi, 570 

35 56 

— 43. tS) 

-7H.S30 

1,800... . 

17, MO 

3A3S 

— 4J, 150 ■ 

-39. 400 


4^ 

Szm 

hH* 

B.P. 

AH r 


-(—101,000) calories per mole (11} 
= f M) c,v. (U) 

= 423* K. (6) 

- (3,000) calories per mole 
=650* X_ (6) 

= 13,500 calories per mole 


Titqmum Nitride, TiN (c) 

aUjw= —80,700 calories per mole (88) 
£*»= 7.24 e.u. (SJ) 

M-P. —3,200° K, (9) 


498 


THERMODYNAMIC PROPERTIES OF 6 5 ELEMENTS 
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heat CONTENT* HEAT-OF-FOHMATION, AND FREE-ENERGY data 


Tungsten Dioxide, WO : 


(0 


r/- ^ r — 137 iMiorir* per mote (5+) > 

US-M r.lfr 

K. (4?l 


lii'SSiiwr 

■' V/; w -n.rrfKi ppr 

piiSmiKtet^^2.l2:. a K. tf*3 



Tungsten Trioxide, WGj (c) 

4 ]^= —200,850 calories per mole {65} 
' Sm- lS.fl e.v, (W) 
bLP.= 1,743° K, (£4) 

Affv= 13*940 calories per mole 
: B.P* = >2,500° K. {m 


Formation: W + 3/20 


(estimated { 24 )) 


*W0 3 




(3,QOQ) 
(4,050) 
[6,1501 
<8.753} 
<10.430} 
[12.800) 
[IS. 300) 
[17.50O) 
[20.0001 
(22,5001 
[15,050} 
(27.850) 
[30. 400) 
(35.2001 
(48.100} 
(53,300) 
«6,?TO) 


4^ 


-300,850 
(-1*7. S50> 
(- 1 B 6 , aoo) 

(-194.700) 
(-192,100) 
<-!«. 4QO) 
(- 15H.03O) 
(-S85,650) 
(-1B3.3S0) 
(-1B0. 6SQ) 
(-176. 3501 
( — 175, 8001 
(-173.000} 
(-170.150) 
{—167,650) 
( — 152, 750) 
(-147,550} 
(-144,150) 


An 




-182,450 
(-176.250) 
(-170.300) 
[-164,200) 
(-15&, 300) 
(-152, 450) 
£-146, HM) 
(—140. WO) 
(-135, 700) 
(-12B. 550) 
[ -123. 900) 
{—11K.350) 

(- 1 U 8 M) 

(-107,400) 
(-101.940) 
(-97, 050 } 
(-91500} 

^-saoso) 


Tungsten Dichloride, WClj (c) 


- ( — 36 r OOO) calories per mole {11} 

• jS»(=( 3I) e.u. (JJ) 

Formation: W+CI a -—^WCl* 

£ (estimated [11)) 


^ T. ■ E . 

Mr-Hm 

&H} 

iFf 



[ — 36, DOQ) 

1-77. OCO) 

! (-21.0001 



(4,000) 

[-35. DOO'i 

i 


tl5. DOO) 

(-31.0001 

(-0.000) 




Tungsten Tatra chloride, WC1 H (c) 

AJfbn — C“ f>D, 000 ) caloric! a:r molt- (!J) 

S^m) r.u {11} 

K. (m 

Aflu = (6,WMl) caloric [* : r mole 
K. {6} 

Ally~ (I7,0UQ) calories per snoSe 

Formation: W-f2CK*--——*W01 4 

(estimated (i/)) 


T. * K 

Hr-Jim 


An 

238...... 


[-W, 0001 

(-50. Off!) 

5O0... 

(6,000'i 

(-63.000) 

( — 37,000} 

1 ooo ___ 


[-44,000} 

f- 21.000> 

] ,500.... 

(53.000) 

[—44, «W> 

(-10, CCO) 

\ 



Tungsten Pentachloride, WCh (c) 


AHm= (— 82,000) calories per mole (Jl) 

3tti= (66) f N (I /) 

M.P. — 5n° K. ( 6) 

A Hu— (8 r OGO) caloric 5 per mole 

B.F. = 54$° X. {6) 

AHt— (12,500) calories per mole 

Formation: W -j-5/2Cl 5 —--^WCl; 

(estimated (JJ)) 


T. " X. 

Hr— Hbi 

Mi*T 

An 

2BS ...... 


(-82,0001 

[-SO. 000) 

_....._...._.. 

(7,Odd) 

f-ao.oooj 

[-45,0OO) 

1 me .. _ .. 

(44.000) 

[-57,000} 

(-30,000} 

E&DG., ]..... 

(59. moi 

-57,000} 

(-} 7,000} 





Tungsten Hex a chloride; WC1& (c) 

( — 96,900) calories per mole (Jl) 
5^= [75) e.tr. {W 
M.P, = 54B° K. ( 6 ) 

Affjf—(5,700) calories per mole 

B.P, = 610 D K, {6) 

aH y = (J 5,200) calories per mole 

Formation: W-KSCh- - - 

(estimated (/J)) 


T, * K 

lir—Hm 


An 

2B6 . 


[-96.9001 
[-94.000) 
(—■&#. DOC) 
( — 69.000) 

(-74,000) 
(-30.M0) 
(-14. DOC) 
(-2.000) 

5CO._^.__ 

l f OO).. 

1,5ML__.*. 

sis 

ill 


Tungsten Dibromide, WBr s (c) 

18,700) calories per mole [It) 
S^={ 36) e.N. Ill) 

A/.P.^ 0,000°) K. (5) 

All v = 16 0001 calorics per raolc 
B.P r = ( 1.500°) K. {6) 

AHy ={Z 3 , 000 ) calorics per mole 


THERMO DYNAMIC PROPERTIES OF a 5 ELEMENTS 


Formation: W Hr Br 3 — --— * WBr 3 

(estimated Ul)) 


T.* X. 

ffr-R* 

ah; 


TQfi J .. 


1 

( 

'—i a, too) 

: -25,OOCi 
'-2S,0001 
f+23. O00} 

fill 

K0---—-. 

1,000,,—.-.. 

1 30Q . ... 

(L DOOl 
(16 000) 
ooo) 



Tungsten Tetmbionude, WBr* (c) 


Formation: W + I 3 -_+WJj 

(estimated (//)) 


T. * K. 

Hr-H m 1 

Af^ 

ah; 

2ae.... 


(- 1 tori 


KC....... 

(A 000! 

f-liOW) 
(“11. 000! 
j [+25.000) 

( 1 500' 

1,000. 

(it, mn 

(69, OO;; 

\U | 

rj-n ftr.'i 

1,500.... ... . 

£+18,000) 



Tungsten Tetiaiodide, WI S (c) 


= 35 , 000 ) calories per mple (N) 

59) r ,u ill) 

S.P. — (600°) K. {6) 
dP llk .= (24,000) calories per mole 


Formation: W + 2Br?-- *WBr* 

(estimated (J/)) 


T,- K 


Mil 

ar; 

5pii ,.. __ .... 


(-15,000) 

r-ffi. 500 ' 

fTVi ..... 

(A 666) 

[-». 000) 

[—15,000) 

(-H.0C0) 
(+U, (CD) 

] 0CO ... 

(42,000) 

(-25,000} 

L600.... 

[&AKW 

{—25,000) 






—500) calories per mole (Ji) 
^=(65) e.u. (II) 

£ T P.= (690°) X. (6) 

A^i fc iE=(20,000) calories per mole 

Formation; WH-2l a —- + WI< 

(estimated (/J)) 


T.' X. 


an; 


®w...... „.. 


(-5®) 
(-2#. 000} 

81 

(“jnoi 

(+3, D00) 
[+24. 0001 
(+39. 000) 

600 ..... 

. (iw6) 

(47, 000) 
[40,000) 

1.00G.... 

1,400 ..... 



Tungsten Pentabr oroide; WBr s (c) 


AHhi= (42,000) calories per mole (fi) 
Sm=(7B> e.u, {11} 

Af.P. = 549 fl K. {ff) 

AH m = (8,000) calories per mole 

£,P. = 606* K. {6) 

A Hr = (14,000) calories per mole 


Formation: W-r5/2Br 






T, m X. 

Mr— Hm 

ah; 

ATj 

298. _____...._ 


f-43.000) 


(- 14 , 000 } 

mn . 

.(T 666 ) 

(-«. 000 } 


(-■», 000 } 

1,000 ... 

(43.000} 

(^38,000) 


£ 1 , 000 ) 
(It, 000 ) 

1 ,® 0 . T ..... 

(«,ooa) 

(-38, ODD) 







Tungsten Heiabronride / WBr a (c) 

AH$m^ ( — 44,000) calories per mole (H) 
S m ^ (80) c.u. (U) 

F orm a tion: W 4- 3Br ? -—*W Br B 

(estimated {11)) 


r, * K 

Ht—Hjii 

ah; 

AFl 

H .. 


(-44,000' 

t-intm 

see..... 

ciioce} 

[-39. OOC) 

(-K000) 

i T mo....-. 

(5V OCO) 

(-J#,000) 

(+11,900} 





Tungsten Diiodide F Wl 3 (e) 

aW'in- ( —1,000) calories per mole (If) 
S„= (3S) e-u. (11) 

Af.P.= (l r OOO D ) K, m 

aH m = { 6,000) calories per mole 

£.P.^n,2&Q fl ) K. {6) 

&Ht= (27,000) calories per mole 


Tungsten Carbide; WC (c) 

AHm= —9,100 cabries per mole (11%) 

5«i = S.5 c.u. (04) 

I>ecompo?es =2,SOO° K. (5) 

Zonal (c) (29S°-2;000 & K.) 

Cw= 7 984-2.17 X 10 _J T 

-2,470+7.987+ LOS XiO~*T* . 

Formation: W+-C-->WC 

Zone I (SSS^-S^OO 0 K.) 

AC»=-US6+0.39X lO- i r+2.10X lO 3 ^ 

-7 r 36Q- l.S6r+0.20X lO-^-^.lOX 10 s T- L 


T, 9 X, 


4 CD-. 

SC... 


700... 

1^00-, 


l^DD , 
1 ,*!■.. 
I^DO- 


] ,pco, 
5,003- 


Hr— Mm 

Sr 


S.4 

930 

11.12 

.1,810 

1314 

1730 

15. 75 

3, 67C 

16,13 

4. 6M 1 

17.49 

5,510 

13 SL 

A6S0 

is. n 

7,460 

>: w 

4,690 

3i « 

9. TflO 

E- 37 

10, MC 

33. 2B 

11,970 

3*. 01 

13,10U 

H S3 

ll.fflC 

1A 55 

13, 4+^ 

Ml It 

U63fl 

3c. 78 

17, WC 

37.40 


AH? 


- 9.100 
-9,040 
-9.080 
-9, ISC 
-9.250 
-9.380 
-9, 410 
-9.660 
-S.78Q 
-9.930 
- 10 ,0T9 
-10. 210 
— SO. 340 
-16, *70 
-10. fiaO 
-10. 600 
-19.500 
-10, #10 


£lF r 


-B, 

—a 
-s. 
-s. 
-i. 
-5, 
-t 
-7. 
-T, 
—7, 
— 7, 
-7, 
-7. 
—ft, 

-fi 

-fi 


Ditungsten Nitride, W^N (i^) 


A -17,000 (9) 

5m=08.0) e.i*. I?) 

iF^=(— 11 , 000 ) calories per m&Je 


SBSBSVeSBSBBSBSSSS 

































































































































































































t HEAT CONTENT, HEAT-OF-FORMATION, AND TREE-ENERGY DATA 



FrGtJHE 59.—Tungsten. 

UM AND ITS COMPOUNDS 
Element, U (c) 

S m = 12.03 t.u. (77) 
r.P, = 935° X, (8*) 
yH T =700 calories per atom 
T.P. = 1,045 s K, {88) 
yHr — + 145 calories per atom 
f.P. = 1,405® K. (£4) 
i£Tv — 3 a 2CXi calories per atom 
3,P. =3,800° K. (8) 

110,000 calories per atom 

(29S°-935* K.) 
=3.39+S_Q2XlO~ 1 7’+OJOX10 s r-* 

= - 1,132+3.39T+4,01X IQ~ 3 T*—Q7Q 

XIO 1 ^ 1 

= -1,132—3,39TinT-10ix lO^P-O 35 

XiOsT-i + 12.67T 

I (935M,045° KJ 

C,= ID, 15 ( 32) 

-3,348+10.1 ST 
3,343 -10.13 Tin T+ 57,69 T 

r) (2 f 045°-1 j 300° K.) 

C,—9.20 (81) 

^2*= —1,150+9.20 T 
*6* = —l t l&Q-Q£TlnT+4&JST 


400.,... „ 

KB, 


wo. 

7DO..„ . 

ICO_ 

9D0.. 

1 , 000 .... 

1,100 .... 

3. .300..,.. 

1,300. 

l.SOO, 

2,900... 


IIr-H n 

Sr 


11 03 
14.03 

wo 

-4M 

! b. at 

X ^50 

IT. 12 

3, 100 

114? 

4.C50 

19+4 

4. 'SC- 

30 SC 

fi, 530 

ZL S3 

6, WC 

34 54 

B, 860 


10. 75fl 

EE 37 

(IS. 1003 
(20, (XQi 

(30. B2l 
(3£ hx\ 



Uranium Dioxide, U0 2 (c) 

Allin — — 259,20D calories per mole (83) 

Sm — 18.63 c.v. (52) 

MP. = 3,000° K. (8) 

Zone I (e) (29SM I 500° K.) 

C p = 10.20 +1.62X 10-^7“3.96X ID*7-i (g?) 

Ht~ Hrn = — r ,125 + 19,20 P+0,81 X 1Q _5 P + 3 96 * 

Formation: Ui-0 2 --*U0 3 

Zone I (298°-935* K.) 

AC W = 8,55 — 7.4 X10 _J T— 4.26X 10*7^ 

AHr — — 262,880+8.65T—3.7X 10 —, 7' a +4 26X lO^T^i 
&F t = “ 262..SS0- 8.65 Tin T+3,7X10" 1 T* + *>13 
Xl0 j r-1+100,557 

Zone II (935°-1,045 3 K,} 

AC 5 =1.86+0.62Xi0^ i r-3,56x’’lt> i 7^ 3 
AH t ^ —260,700+ 1.367+0.31 X IQ’*P + 3.56X UPT-i 
AF —260,700” l.S6mr-0.31X10'"T»+l 7S 
X 1^7-1 +55.557 

Zone III (I,045 a -1,300° K.) 

AC„ = 2.54 + 0.62 X ID- 1 T- 3.56 X lO 1 ^ 1 
AH t = -262,820 + 2.847+0.31 X I0- 3 P + 3,56 X 10* r-* 
AF t — - 262,820-2.S477* 7 1 —0.31 X Uh J P+1 78 
X 1^7-^+64.457 


400 

SCO. .__ 

ecc... _ 

7T30___ 

wo.„„ _ 

1,000 . 

I.l&J. . 

1,200 

1,300. 

1,400.... 

1,500. 


Ht-H™ 

p 

Sr 

a*; 


IB- S3 

—2S9,3(J0 

i. aso . 

23-47 

-m son 

3. 470 

27. +fi 

“25S. $O0 

1 340 

3D. M 

*-236, 300 

7. 2M 

33. 

“2S1HB 

e. 3LS0 

3E 43 

--257.800 

11. JW 

33. S5 

-257.600 

13, SO 

40.91 

-25A 200 


42.94 

-2J9.000 

1?, 42G 

44. 7S 

-3S&.7TO 

19. iio 

46.42 

-363,300 

2], 520 

47. S8 


J3..7SO 

49. iJ 

£—260.300} 





£-19^ ro6> 


Triuranium Octa oxide, UiO g (c) 

->-£53,500 calories per mole 
= 66 *.!j, (53 1 

Decomposes = 1,950* K, ( W) 

Formation: 3U —40 ; -*U 3 Os 

(estimated {&})) 




THERMODYNAMIC PROPERTIES OF 6 5 ELEMENTS 


T. * E. 

Mr-Hm 

0JJ~ T 

4 >7 

72=. __,, 


-JU3. SO& 

-504. OT0 

400 .. _— - 


(-HS2. 6001 

(-7X7. +01 

SCO!' . 

nr ... 

(11-910!' 
(IP, KOI 

(-IUL, 7001 
(-&50. 7UC) 

(-770. +T/1 
(-7S4. NCOl 

70C . ..* . 

(24. M01 

(-849 9CC1 

{-rx wnt.^ 

|C0 ... 

(2 t. 7M> 

(-My. 8003 

( —7Z3 ,300) 

srfi . 

(3K 180’. 

(-84$. Bffn 

(—707. 400) 

1 rreri _ _ 

£45. 4101 

i —KAC. 3001 

(-£41. 001 

l^CC... ...- _ 

(52, (SOU 

[ —SJ3. COO) 

( —B75. J0O| 

J 3DG ... 

<S9. 3401 

I t-tsio D01 

(-6S8. 400! 

1,30C.....- 

1 iQD 

(6c. 330 > 
(73,4^fi) 

1 (-ULDODn (-w. #* ■ 

! (-S50.0001i (-§27.3001 

n'iOO ,. JT .. 

(80,530)1 (-S53.300) 

(-611,001) 




| 


Uranium Trioxidej UOj (c) 

A/Jim— —291,600 calories per mole (52) 
S m = 23.57 i.u. {52} 

Decomposes = 925° K r (10) 

Zone I (c) (29S°-925° K,) 


Uranium Te trail no ride, UF, (c) 

A C” 4 ( J3.000) calories prr molt? (}Q) 
&h« 3C.I3 c.u. (10) {IU) 

M.P — 1,300° K. (/£?) 
iA /m =5,700 calories per inoic 
B.F,= 1,690° K. {IQ) 
aHy^~- 57,500 calorics oer mole 

Formation: U + 2Fj- *\jy 

(estimated {10)) 


T. a K. 

Ih-H** 


& F* 



(-443.000} 

i f-jai.Mi 

J0C* . 

{25,»») 
£67. ODOJ 

(-44t r 3Q0)S (-40fl.iny ; i 
£-43§.Cyci, (-375.000! 

£-42»+») (-^7,'^fl) 

1,CCC...„-*.. 

1 ^_ _ 



Uranium Peniafluoride, UFj (c) 


C, 

Hr-H M 


= 22 09 + 2,54 X 10“ 3 7- 2.97 X 10 5 T^ 1 (82) 
- —7,695 + 22.09 7+ 1.27 X IQ" 1 P + 2.97 
XIO 5 ^ 1 


Formation: U -j- 3/20*--— | T I 0 : 


Zone I (298°-925° K,) 

aC,- 7.96-6.9SX10- 3 T-3.07X10 3 7 l » 

-294,690 + 7.967—3.49X 10^^+307 X \Q* T~ 
aF t = — 2'94,690 — 7.96 Tin T +3,49 X 10 3 P++53 


r, * E. 


St 

idi'r 

AFr 



23- 57 
93- es 
34.43 
3a. 53 
42-09 
45 21 
48- 01 

-291. COO 
-251,300 
-290.9*0 
“290. 9d0 
-WO. 350' 
— 290. 1 50 
-290,060 

-26§S0& 

-2WX«B 

-154.800 

-249.800 

-341M 

-237,000 

_ 

■sopIF.II"—**—-- 
BW*.. - — - 

7W. 

SOP.... . 

900.- - 

x wo 

4, >63 

4. 510 
B, S+) 

n. i (so 

13, 540 


Uranium Trifluoride, UTj (c) 


—( — 488,000) calories per mole £10} 
S«n-( 43) t.u, U0) 

5/.7,^{600 c } K IfO) 

18,0001 calorie? pet mole 
tf.P.-H.CKXn K. (JO) 

&H y = (23,000) calorics per mole 

Formation: U + 5/2F 2 -*UF 5 

(estimated (10)) 


T, * K. 


Affr 

AF} 

n _____ 


(-483. QOO] 

[-ML.aX-1 

SCO . . r 

--- 

(7,000) 

(- 486. 400) 

(“443.500) 


Uranium Hexafluoride, UT S (c) 

— 5L7.000 calorie per mole (5^) 
S nt = 54.45 «.u. (62) 

S_P.~ 337° K. {101} 

— 11,430 calories per mole 


Af(+n= (—357 k OOO) calories per mole (IQ) 
^=(20) ff.». (ID) 

Af.P.— (1,700°) K. UO) 
j// v =r (S,5D0) calories per mole 
RP.= (2,550°) K. (10) 

AHr^i 61,000) calories per mole 

Formation: U-r3/2F^- 

(Mtimated (10)) 


ForEii&tion: U + 3Fj- 


(estimaled (10)) 


-UF a 



T. * K. 

Ih-Hi* 

&IIr 

4F’* r 

->uf 3 

rrtil .- * . > . B . t 


—-SL7.OO0 

“4BC.SO0 

SCO...■*- 

1 .U0G ..._- —.—- 

US. 600) 

II 

1C 

77 

(—i7L r ?sm 
( “440,3W*1 


T. ’ X. 


aHr 




(-357. emi 

(-33B. 3501 

S0G .... 

(4.ymi 

(17,0001 

(XMJOC) 

(-mimOM (-raocui 
(-3SS, BW) l-2rt. 000} 
(“156. CCC)| (-ail.DOOl 

] ,000.... 

\ tfti .. 



Uranyl Fluoride, UOJ\ 

A 7 /^ 9 * — —64,500 calorics per mole U40) 
5^-32+ e.u. (52) 

—41,600 calorics per mole 
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HEAT CONTENT, HEAT-OF-FORMATION, AND FREE-ENERGY DATA 


Uranium Trichloride, UClj (c) 


Uranium Pent a chloride, UC1 ; (c) 


All**'-* —213,000 celeries per mole (62) 

S-m = 37 ilf» c.u. {62) 

M_i\ - IJOS* K. (JO) 

A//* — D.OOO r:ilorintf pur mole 
IS .P ^2,000“ K. (JO) 

5//y — 41,000 culcric* per rutile 

Zone I (c) (29SM,O0O D K,) 

C*-20.98+7.44 X IQ- 3 T+ I. HiX HPT 1-3 {82) 

-6,200+20.057+3.72X ICP’T 1 - l 16 

XltPT- 1 

Form r tio n: U -f 3/2 CJ*——->U01 : 

Zone I {29S*-935® K.) 

iC F = 4.36-0.67 X !O’ 1 7+1.48X 10* 7 1 -: 

■i II T = - 213,770 +4,30 7 - 0.33 X lO^T* -1.48 X 
1(P T -1 

aF r = -2l3J7G-4.3lim7+0.33XIO- J 7' 3 -0 74 

X 10=^+82.177 

Zone II (935M 3 045 3 KO 

aC,= — 2.43 + 7.35X l^T+^lSX 10*7'-* 
j - 211,900 - 2.43 7+3.67 X Hri J T= - 2.15 X 10 s 7" J 

_iF T = -2 U ,900+2.43 77* 7-3,67 XIQ-’T 1 ™ 1.09 
X10 1 7" 1 +37,35 7 


T, m K, 


St 



2Qfi .. 


- 37.95 
*5-31 
M.7S 
55.41 
49.43 
53. 3H 

«.a 

«, 24 

-jia.wm 

-211 4J0 
-312.000 
“31], WO 
- 211 . ;oo 

-JiCi.TUC 
-210. 30C 
-310.9W 
(-210,800) 

83HHHB , 

TTTT77T7T 

JOU___ 

MW... 

&W.... 

(HI.__ _ __ . 

_..... 

uoo.„... . 

l,WO __.... 

J.lQO... 

J.KW 
S.OOU 
7.5J1J 
t&, (40 
IS. iLD 
15,570 
14,430 

(31, 30) 




Uranium Tetrachloride, UCI 4 (c) 


£//*» = —251,200 calories per mole (J£) 
5^=62 e,u. {62) 

M.P- —8G3° K. UO) 

4Wi/=10^00 calories per mole 
S .P. = l p 06Q 3 K. (JO) 

^//r —33 ( G00 colories per mole 


Zone I (c) (298 c ~700 a K.) 


C„^2fi,G4 +9.60X10-*7 (SJ) 

*It — —3,370+26.047+ +30 X lO^T 1 

Formation: U+ZCI*———*UCh 
Zone I (29S D -700° K.) 


AtV= 5.61 + 1.46X IO _1 f+0,GOX 10 s 7^* 

A/ / r ^ -^.700+5.017+0.73x lO-’T^-O.GGX 10*7- 
+/ t** —252,700 —5.61 77* 7— 0.73 X j 0 _i 7= — 0 33 
XlCP^+04.277 


T w * E. 


Sr 


AFr 

2fe... ... . 


fila 
| 70. T( 

77.7C 
43. H) 
SSL 58 

-S51.200 
-ly 1 . ik 
-3413.5511 
-24S. W 
-345.5rt) 

-Zk. 3TB 
-22S r 550 
-2^3. im 
- J 2U. 900 
-^-212.30C 

VK'-., . 

sx? ___ ;;:”j 

WO . 1 

_„ 

i "S'oio'' 

1 : 
5.3so 

u.m 


A// 3 ai= (— 262,100} calories per mole (10) 
= (62) e.t*. UO) 

M.P,=fiOO a K. (iff) 

a //^ = 8,500 calorics per mole 

ILP,-m* K.UO) 

A If v - (I 8,000) ealprtm per mole 

Formation: U +■ 5/2()l 3 -— -*UClj 

(estimated (10)) 


. T , 1 K, 

JJr— 

A/J? 

i/r 

2S6..... 


£— 2f:2. i 

(—23?. 400> 

503.._ _, 

(L 000) 

t—3430. 

(-SLttQ 


Uranium Hexachloride, UCl e (c) 

A//?» = (—272,400) calories per mole (JG) 

— 63-3 t-.u. (JO) 

A/.P. = 452 d K. (10 ) 

&If M = (5,000) calories per mole 
B, P. = 550 fl K. (JO) 

All?— (11,000) calories per mole 

Formation: U+3CJ]———-*UCI B 
(estimated (10)) 


r, * x. 

j i 


ifr 

saj.. 


(—172.4003 

f-241. SCO i 
{-30. 400] 

SCO,... 


(-■3E4, 900J 


Uranium (IV) Oxychloride, UOCl* 

AH \ B = ” 261,1700 caloric^ per mole ( 44 ^ 

5™ =33,06 ext. (U) 

—244,800 calorics per mole 

Uranyl Chloride, UO.C1; (c) 

A/fj 51 = —300,000 calories per mole (IS) 
Stw= 3S.9S e.u. l+j> 
i7Wfl = — 276,700 calories per mole 

Uranium Tribramide, UBr a (c) 

A/7Vn =(—170, J00) calories per mole (J01 
Sm*“ (49) f .u. (10) 

M.P, = 1,025" K. (JO) 
aRm— 11,000 caloric^ per mole 
B. P, —(1 t 840°} K, (10) 

A Hy = 45,000 calories per mole 

Formation: U+3/2Br,—- 

(estimated (10)) 


TP X, 

Ih-Hm j 

XI It 


296...„ . 

\ (—170.0001 

\ S-1S4.9C01 


»c... T . 
s,ocn.. . 

l.SQQ.. 


ti ows ■ 
tlfi-fior 
1,43. HU1 


(-IW, W 


(-1VV 
v-nJ asi'i 


1 


THERMODY^AinC PROPERTIES OF 0 5 ELEMENTS 


Uranium Tetrabromide, UBr^ (c) 

aW«=(- 196,600) calorics per mole (10) 
S^.= (58) c.u. (JO) 

A/.P. = 792° K. (10) 
i/J^=7 r 200 caloric per mole 
fl.R* 1,039“ K. (10) 

A H* = 31,000 calories per mole 

Formation’. U + 2Bri-—>UBri 

(estimated (JO)) 


r,‘i. 

Hr-Mm 

aP7 

aT t 



I (-1&5.4C03 
■ f-^6,3CO> 

| (-196,403) 

(- 1 : 5 , so;. 

(-14* SCO) 

600. ...... 

LOCO...-..— 

a COD': 
(34,300? 


Uranium (TV) Oxybromide, UOBi^ 


Uranium Carbide, UC ( c) 

= m-Iv 000 P er mole (JO) 

£™=(b 1 4) e.it, U0 ) 

t — 43,600) calories per mole 
M. P, =2,550* K. U0) 

Diuianium Tricar bide, U 2 C 3 (c) 

aH ]B = -76,000 calories per mole (JO) 
5 :w =(24) mi. (JO) 
ifM = f “ 7S.40Q} calories per mole 
itf R=2,700 s K (IQ) 


Uranium Dicarbide, UC^ (c) 

— 36 r 000 calories per mole (/ 0 ) 
S-m*=(20) ^.u. UO) 

^ 75 , i= { —37,500) calories per mole 
M,P= 2,700° K. (JO) 

Uranium Nitride, UN (c) 


- 246,900 calorics per mole (U) 

Srm^Z 7.63 e.u. U4) 

4 /^,= —236,400 calories per mole 

Uranium Triiodide, Ulj (c) 

&Hbt — 114,700) calories per mole (10) 

5™-{55} e.ii. UO) 

M P.^ (1,030*) K. (JO) 

aHm = (7,500) calories per mole 

P.P.^{ 1,700 s ) K (10) 

ah r= (40,800) caloriefl per mole 

Formation: Ud-3/2l!—- >UI| 

(estimated (10)) 


TP E. 

Hr-Mm 

xHt 

Xff 



■ III 

SBSf 

1 Bill 

TTlS 

mi 


"(5, CDO) 
fjo,«3m 
(43,000] 

UODO... 

1 a® .-. 



Uranium Tetra iodide, UU (c) 

pj/j* = (—127,000) calories per mole UO) 
5^= (65) c.u- UO) 

M. P. = 779° K. (10) 
aHm = 15,000 calories per mole 
PP. = 1,032° K. (JO) 
aHt— 30,700 calories per mole 

Formation: U+2lj—-—^Ul4 

(estimated (JO)) 


T. ' K. 

Ht-Hm 

JuHr 


3 % ... 


(-127, 0EJ3) 
KC ) 
(^141, 100 ) 

t-iawni 

(-131, BCD] 
(-93, SCO) 

Stp .... 

<t, CCOj 
{K 000 ) 


. 


&H m Tts= -80,000 caiories per mole (JO) 

5™ =(18.0) f.w- (10) 

API*- [—74,900) calories per mole 
A/.P. =2,900° K. (JO) 

Diuranium Trinitria^, U^Nj (c) 

A/J r iM= —213,000 Calories per mole (IQ) 
5™=f29> f 10) 
iF™= (— 193,9001 calories per mole 



FtCT :?,e 60-—Uranium u). 













































































































































HEAT CONTENT, HEAT-OF-FORMATION, AND FREE'ENERGY DA^A 



- 75 . 

HOOj 

* 

E 425- 
^ -i6C 

" -ITS 

z 

8 

Z -200 
< 

g-225 

M- 

o -250 

j- 

u 

£^ 75 r 

Lj 

^-300 

LJ 

H 

^_-32 

43 

-350 


*j0« 


-375! 


V !*J 

V r P 4 


IjDOD i^OO 2,000 

temperature, * K 


Figure 62.—Vanadium (a). 


YTTERBIUM AND ITS COMPOUNDS 
Element, Yb (c) 


15 0 e - u - f/50) 
A/./*=l,0tt7° K. f/fji 
A/U-(2,200) cukrtcs 
J?.^=I,S(XI"-K. (fl*) 
A/7r=?37,lOC calories 


per atom 
per atom 


(estimated (IS 4 }) 


r.* e. 

Hr-Ha 

Jr 

l?T~?! n 1) 
T 

3S5.. 



15 0 

400.,. . . 

i 

£18. !U] 

6Ca ..... 

C1 !* 

(is. 21) 

600......,,,,. 

tL400> 
(2. 5701 
(3. SSQ) 

[ia. &hi 

TOO. 

Gaacj) 

SM,.,. 

{Ja. M) 
121.12) 
(22. 17) 
(22.9^1 
(2S.S4J 
(S$, »j 
(77.19) 
27. 75J 
(2B 271 

m. -si 
(29. 20] 
m frsj 
(SO- ii) 
(50-8]) 

(3S. 74) 

KG, 

(17.3£> 

1,WW. 

(L700J 

(17.76 J 

UKr..„_ 

n§L 24) 

J ,3TX1_ 

tS, 700? 

ft* 77) 

MX.. 


(IS. *41 

L#W*—.. 

1.500.. 

200) 
(30. SSO) 
Jll.™*) 
U2 *W) 
in. vm 
fSO, 86JS 
CM. 3S0) 

(19. W 

m. 47) 

... 

(30. 97) 

1.7®_ 

(31- 44) 

1,800. 

(Cl. Ml 

5 .WrfI 

U2.3 If 

2,0OJ.. 

(23. TPj 
(21 L3) 


Ytterbium Difluoride, YbF 3 (c) 



262,000) ca]ones per mole (J) 

£i*§=[20) t,u. (//) 

M.P.= 1,325° K. (29) 

A//* = 5,000 calories per mole 
B.P. = (2,650°) K. \G) 

&Hv = {75 t QQQ) calories per mole 


Formation: Ybd-F s — > YbF a 

(estimated (II)) 


T, * ET, 


AH* 

4/‘r 

251. 


. 

(—362.000) 


sen_ 

f 4 

f _ ■%±J J 1 iL'Vl L 

£ — 250. Of01 
£-241.0001 


1 ^ Q^XJl 

l “ioO, BOOI- 

1,500 . 

(24.000) 1 

(—2iS. SOtJ) 

(“-275. 0*0] 
(-Ctta.owj 



{—259. 300) 


Ytterbium Trifluoride, YbF 3 ( c) 

AHln-zs [—351,000) ca'ories per mole (3) 

$i..= [26) e.u, (f/) 7 

M,P.= 1,420° K, {29} 

8,000 calories per mole 
2,500°) K, (ff) 

d Hy = {60,000) calories per mole 


Formation: Yb+3/2F 3 - 


(estimated { 11 )) 


>TbFj 


T. M K. 

Hr-Ha 

AHr 

ae; 

2S&,. .. 


15E. 0001 


500.... 

h.ooo) 

(17.000) 
(32. OOO) 

t _civil h 

(—333 00 O) 
(—321,0001 
[~2£J.9M 1 ] 
(-347.000) 

i,H30.. ............. 

\ .KW. DUU 1 

1,500.... 

(- 345 ’J00) 



THERMODYNAMIC PROPERTIES OF 0 5 ELEMENTS 


Ytterbium Dichloride, YbCl s (c) 

^ 1 “/^= [ —102,000) calories per mole (3) 

Sw=m) «-u- un 
M P.=9 75 s K . (fF) 

A//* — fl,0QG calories per mole 

B P.= { 2,200°) K. {£) 
i //it == (50,000) calorics per mole 

Formation: Yb+Cl*————*Y"bCl* 
(estimated (II)) 


r. r Y. 

HT-Ha 

&Ht 

iT*r 

2914 . 


[- ifij, D00)| 

i (— [f 1.000) 

i£B .. . 

(4.000) 

i l-itt.Dw: 

-133. SCO] 

l.Onc .... . 

[13.000) 

1 (-]». TOO) 

; [-ra.Dooi 

1 ,K0. . 

[31, OOC > 

| (-152,300) 

E— 3 IS. 50QJ 


Ytterbium Trichloride, YbCb (c) 


—189,000) calories per mole (5) 
S„,= (38) c.u. Un 
jtf.P,= 1,138° K. (IS) 

AH M = [9,000) calories per mole 
Decomposes above 1,500” K. 

Formation: Yb + 3/20*--eYbCU 

{estimated (II)) 


T* E- 


iWr 


2ae ... 


(-IS9. 000) 
(— 1P7, 300: 

| <-144, BOO) 

<172. J0Q) 

<—173. COD) 
<-161. JOG) 

C — 336. POOi 
E-117,000) 

ice . ... _ 

li oqo'. 

(19.000! 

<41000} 

1,000 .... 

1,AGC. .... 


Ytterbium Dibromide, YbBr 2 (c) 


Ytterbium Diiodide, Ybl 2 (c) 

( — 102,000) calories par mole [5) 
(40) e.t*. (j/) 

A/ F.= 1.045° K. if?9) 

£tH M = 5,000 calories per mole 
B.P = [] ,600 s ) K. <S) 

A//v= (37,000) calories per molt 

Formation: Ybd-T a -—-*YbI 

(estimated (1J)) 


r.'K. 

Hr- Ha 

AHr 

*F' r 



mi 

(jifa'B 

77.T..7 

(-1Q2. 000) 

. I-K. SCO) 
<-Ri OX) 
(-73. 500) 


(1 OK) 

()9.f0CiI 

(3L.0C0) 



Ytterbium Triiodide, Ybl s (c) 

A = (—96,000) calories per mole (5) 
5j«=(47) f.u. ill) 

M. P. = (1,300°) K. (£S) 

i±H M =■ (10,000) calories per mole 

Deco m poses above 1,500° K (£} 

Formation: Yb + 3/2[ r —-——OTbT-i 
(estimated (11)) 


T. " E. 

Ht-Ha 

a/J* 

AFl 

A*...a>». - 

500 .. .. 

1,000 _... .. J .-- 

liffi . .. 

.(SvffiO) 

(is. OOO) 
<44, 000) 

£ - K. 000) 
(- Sl>. 2001 
<-M6. 3001 
( — 95. 5001 

(-«. 500} ■ 
(—Ss. SCO) 

( — 50, OK ) 
(-35, 500) 



— 132,000) calories per mole (J) 
£m-= [3&) e^. (/J) 

Af.P. = 645 a K. (£S) 
a H m = 6,000 calories per mote 
B P - (2.100°} K. Iff) 

A H r — [48,000) calorics per mole 

Format ion: Yb+Brj—-——*YbBr* 
(estimated (//)> 


T P " K. 

Hr- Ha 

Alt} 

AF' t 

29S......... 

5H1 ... 

h.mji 

£D. DOOi 
(32. C001 

£-137.0001 
(-150-0001 
f-MOCflO) 
(-129. 500) 

(-127,0001 
£-120, 5001 
( - 10-L. OOJ ) 
(-93,fflDi: 

1,000 . 

1,400.. ■.. __ 



Ytterbium Tribromide, YbEr a (c) 


149,000) calories per mole [5) 
s™-(44i t.u. un 
A/.F,= I,227° K. (fS) 

Aff M = 10,000 calories per mole 
Decompose above 1,300° K- (^) 


Formation: Yb + 3/2Br 7 -- *\ bRr, 

(estimated (I/)) 


T, * K 

/Jr— Ha j 

4,,: 

4/r 

se. .. . . 


(-MV.imn 

(-342.000) 

500 .. 

"fs’rooi 

! ( — 170, MX | 

|-]J2. il j 

1.000. 

fi5.®oi; 

; 1 — isi, TfJtn 

• (- LOAfiOH 

3.5CC. 

{43,QU0> 

(-144. TUff 

1 

(-3., SCUl 



Kminntil YI terbium. 





























































































































































































































HEAT CONTENT, HEAT-OF-FORMATION", AKD FR£E-EXERG Y DATA 


yttrium and its compounds 

Element, Y (c) 

K-*.- ! 1.3 f-u. ( iz~) 

A/, R= 0,773“) K. f I2S) 
iJJ*“ 14,'llffl) citSuric* per Atom 
H.F.^[3 t rm a ) K. W-*<) 

&Hv= 04.0001 caforks per atom 

(cstmmtt'd {130)) 


r T * k. 

U T -Ilm 

Sr 

(Fr-i/t* 

T 



11.30 

11.30 

4r8i.-. 

Sirj 

(13 QS’r 

(H 32) 

310.. 

fl.lST 

[14.45) 

01. 96) 


U.459J 

(15. H) 

02.50) 

hV.Y. .-.. —- 

ca mi 

(15.57) 

(HDD) 

DU 1... 

a. Hu 

(17.44) 

(1151} 

9.K .... 

u. T5S) 

(18.213 

[13.99) 

1,*W____ 

k Hu* 

(16,91) 

<14.43) 

1 UfcS . .. 

S. 142) 

(19.56) 

[14, S3: 

J+WO.... 

(i.S25i 

(20. 16) 

[11 K) 

1 arm 

(i. 527) 
[7,233) 

[20.711 

[21.34} 

(15. 70) 

U400.. 

(It 07) 

1,500.. 

[7, esj;i 

(21.73.) 

(L5. 44) 

1.500.... 

(a 6*5} 

(22. 20) 

06.77) 

1,700...... 

(ft , 419} 

(a 65) 

' (1Sl«) 

(17. 11) 

l.SOO___- 

'(14, SO? 

17. 46) 

1,900......._-.. 

[1S.B80K (as S3) 

(17.90} 

7,000. 

(15. SSOf 

j (26,24) 

(36, 30) 


Diytirium Trloxide, Y 2 Q 3 (c) 

Hh*— ”45o r *l50 calories per mole (0.F) 
5,*=27.l e.u. ($) 

M.P. *=2,500° K. US) 
i 7/^ = 25,000 Calories per mole 
RR=4,570 ±300* K. UM) 

Formation: 2Y + 3/20 2 --->Y 3 0 3 

(estimated (#4)) 


T i" X. 

Hr-ti™ 

AHr 

AFf 

S99.. 


i 

-455.450 
-415. 400) 
-415,400) 
-455.400) 
-451, HOC) 
-455.000) 
:-453,0001 
+451,500) 
'“454.-400) 

1 — 454.000] 


-433.450 
-425,500) 
-416,500) 
-411.500) 
-404,0001 
-JK.SOO} 
-3®. 300) 
--■3iC.OOO i 

40n... 

(l, aa» 

(4 SCO) 

r ij 

i 

sm..... 

| 

j 

$00 ., .... 

™„.. 

(7.0*1) 
(ft 9*)) 
(12. 4601 

■: 

I 


*10...... 

*: 


$00.... . 

i.ogo.. 

(35,0001 

(17,800) 

™ liYil 

i 


!J00..... 


j 

;-M5.oK) 
'—jykiBQr 

t,200.............. 

m Tiwii i 


1,300... 

(36,363) 

■ wi i 


] — 454.000] 

| 

' — 360,5001 

1,400........ 


i “ A S3. 5001 



].$00.___.___ 

3.0CC____ 

(ML SP311 ! 

(36.030)1 i 

433,00ns 

1 — 4 w Wt\ 


■-Ss! Sol 

L700-.-.. . 

na' Sani ■ i 

. AJi, juy 
‘ fuYi', 


)” gj j 

1,100,...... 

(4&.0001 
(45,000) 
(33,700) 

\ 



i ~ pfl' CT:: 

iJKa.... .. 

i , 

L — IAW,I 

r_-±tqi iy-yv’i 


t~ll) Sffi) 

1,000....' 


L r J31 JUvl 

1 _ita rvy> i 


—309= 


! ' 

i. tWr | hlvU f 




Yttrium Trifluoride, YTi (c) 

Uft^ a = (--372,000) calories per mote [5) 
t. u, UJ) 

M R = 1,425* K. [i9) 

^1m — 0 3,000) calories per mole 
RP.= (2,500*1 K, (ff) ' 

A/fs^= (60,000) calories per mole 

Formation: Y+3/2F*-t-YF^ 

(estimated (JJ)) 


T. m E- 


AJ-{' r 

*r m T 

29*. 


(-3710C0) 

( — 373, BOO) 
(-m 3»> 
i- 3W.9M) 

[-153. 9M) 

(-M2. -000) 
<-334.0X3 

t-2sa, ow) 

BOO... 

(4. MO) 
(17. 000) 
(32,900) 

1,000......... 

1,500.....___ 



Yttrium Trichloride, YC1 S (c) 

&H\* s= —232,600 calories per mole {ff?} 
5„,= 32,7 tf.ii. VS?) 

M. P. = !)S2® K. mi 

■=■ (9j000l calories per mole 

RR = (1,780°) K. (fi) 

Ji //t — 14Ti,000j calorics per mole 

Formation: Y+3/201 j-*YCI 3 

(estimated (I/)) 


r r ■ x. 

Hr- 

Atij 


29* 


-S2.7W) 
(-Z3S,SM) 
(-29.«») 
(-214.000} 

-216.200 
(-2O6,20C) 
(-183,300) 
(-153. TOO) 

500.... . 

1,000 ... 

l.MCL-..... 

(5.000) 
(28,000) 
(44,000} 


Yttrium Tribromide, YBij (c) 

ARws— (“ 172,000) calories per male (5) 

s m =(42) tin 

M.P. = 1,185* KL (29) 

m— (9,000} calories per mole 
S.R= (1,740°) K, [6) 
i//v= (44,000 ) calories per mole 

Form at ion: Y+3/2 B r 2 ——-—-* "t Br 3 
(estimated {11)) 


T.’ E, 


AHt 

AHr 

MR ... 


(-172, 000) 

(-Itt.QTOl 

&CD,... 

( 6.000) 

{—133. 0C0! 

<^15^0001 

l,ooo._ T ..... 

fiaooo) 

(-180. ODD) 

[-1-AD00) 

I.6SX.^„.. 

(44, 000) 

t-ies, 300) 

(-108. 000) 


Yttrium Triiodide, YI 3 (c) 

&.Hna= “143,000 calories per mole (5) 
S 19i =( 45) *.u. (JJ> 

Af.R = 1,238* K. (29) 
d^* = {12,000) calories per mole 
S.R = (l,5S0 D ) K, (5) 

&Hv= (41*000) calories per mole 

Formation: Y+3/2I 7 -* YIj 

(estimated (ff)) 


T+ K 

Mt-Nm 

AJir 

a Ft 

29*.. 


- E43. MO 

1 (—140. yo) 

5D0_,... 

( 3,000) 

(-J64 5®1 

; [-135. OCO) 

S ,D00..... 

(19.000) 

(-161,200) 

(-109.0C£|? 

1,300. 

(.44 000) 

(—145, COO] 

(-67.000) 

1 


fllEE ENERGY OF FORMATION, hz<fl /fl 


THERMODYT+AM1C PROPERTIES OF 65 ELEMENTS 


Yttrium Nitride, YN (c) 

aW t im= —71,500 calories per mole (F) 
.S™=* 114.21 f.u. (9) 

AF«= —64,000 calories per mole 



ZENC AND ITS COMPOUNDS 
Element, Zn (c) 


T. - K, 


Sf ' 

T 

. - . 


9 95 

g. tr l . 

40C. . 

""Hi 

11, 75 

16. 19 

5lV. 

1.2T0 

13. 19 

lO. C5 

fid:. 

1.944) 

l*. 41 

XI. LA 

TOC. ... 

4.40G 

IK. 03 

11. 74 

SCO, ,. . . 

i,l» 

13. OJ 

11 5V 

@X 

6.900 

19.91 


1,000.. 

B.S5C 

70. 70 

l 14. 03- 

3,300. 

7.400 

2i. 4: 

14 fJ 

1.300.. 

(33,660) 

L45.3T] 

[ {1L 663 

1JCC. 

[36. lfitfj 

(45, 77j 

(17, W) 

1,4C0. T . . 

! 1H.6J0 

(4t >4) 

(tSLtg 

i,a»_ __ 

(27, 15U; 

(.46. 48; 

S (21- 72) 

1,600-... . . . 

(37. 6501 

j (46. *)} | (2i 2S) 

1 7C0 .. • --- 

<341403 

' [47.1C) 

1 [24. 67} 

1,300 .. 

(38.640) 

(47.3is; 

(2£ 92) 

1 see ... 

[39, 140) 

(47. 55j 

[27- Ml 

2"oOC_,. .. 

(39 6*01 

[47.913 

GH SO! 

ajscoL....' ■ 

\H 120: 

(49-92) 

> [32. L6J 


Zinc Ozide, ZnO (c) 


-63.250 calories per mole ( 24 ) 
S a «-10.43 tu. (ffSJ 
M.R*2,248“ K. (112) 

Zone I (c) (29S D -1,600° X.) 


r. = 11.71 + 1.22X 10 -, T—2.18X ltPT -1 (SB) 


For mat- ion: Zn +1/2 Oi * ZuO 


Zone I (298 a -692 r 7 X) 

A r _ n 7S _ i &gx 10-»T- 1 SB X 101'R 1 

_l g 4 670+5 7ST-0.S4X 10—T- + 1 MX 10* T" 1 

\ h f ZZ iti'KbizjsmT+o^ X lO-'r+o.ss 

xio j r“ , +«.24T 
Zone II (692.7-1,181° K.) 

!1m»+O.K0.36^0-I .M X *0*7- 
Lf i T ~ a?'™ n eir,Tr-o nt:x io->7’+0.99 


9,95 e.n. {SS) 
W .r»6#2.7- K. (M) 

AW w = 1,705 calories per atom 
JJJ?—lllSI- K. (?50) 

A/J r T r = 27,500 calories per atom 


Zone 1 (c) (29S°-692.7° K.) 
r =5,35 + 2 40X lO^T ($S) 

-’I'.To^siamr-^ox S-th m.sm- 

Zone II (!) (692.7°-!, 181° K.} 

R=7.50 (Mi 

; /;l/;^-850-7:50mT+3S.57T 

Zone III (s) (USr-2,000 5 KJ 


r.* e- 


Sr 

iJ/f 

AF'r 

M8-. 

400. - 

300-.. 

6DQ—.,.-- 

700.. ..,- . 

BCG,.,... .... -■ 

Sffi . . 

IflK....- ' 

1.100.. ... . .... 

1^,. 

1*3®. 

1,4(00.,. . . 

l.SD, -■ 

1, n 7ii 

2, ita 1 
i*JQ 

4, W 
i 74W 
ft. 970 
K.7A) 

(I. 

Ifl.JtfXI 

12, L'Ft 

13, 45U 

14, Hd) 
irt. tiw 

lO. 46 
13. SI 

3f! m 
m i2 
It*. IM 
21 : 

23. nr i 

24. 32 
26. ,64 
JTl U7 
27 72 
2^ 71 
2U. r)1 
yo 52 

-p.li) 1 
-KJ, JK* | 
-Ks.^rnj i 
, -ICJ.9.V 

— 84, ,4Sl 
-JH. 

— S4, 4dl 

(-Mi.flv) 
[-131,^11 
[ — 1 tit, W.I) 
1-131 !,« «1 
HCi.dJN 

— 76. Ita 
-74,450 

-71.JOI 

-6(4,950 

-S4.DX 
—61,500 
-59. ffO 
-V.IOi 
(—53. 

(- X, TOO) 
;_47.flOC| 

[ — i,A H IH 
(-42.A8I) 






















































































































































































I 1 KAT 


CONTENT. HE AT-GF^FOFtMAT 10X, A\D FREE ENERGY DATA 


Zinc Difluoride, ZnF^ (c) 

A f — 3 ~ 6,000 r:Uorii<* per it]oil* tii\ 
(241 r.n. UD 
M1K-- Ij 1.1 Q K. R] 

Aflt, : (7.CHH51 rubries jw-r rmi3c' 
tU'. I.77.V K. R’> 

^ My — 44,000 t‘;vtqrH^ |KT 1>11,pli-p 

FWmiKiim: Zh-j 1 4 V 


((^linmtnj (JJ)) 



T. * SC. 

i l(r-H* i 

- J 



7*1. .. 
AH ... 

|.U« 

i.3uu.. 


.1 .. i 

- RlMi>i 

(M.rin>, 

---j RiiJUtrj 

— i:n, ere . 

<—17*. WIN- 

{-174.J4W1: 

(~ LfJ, GiU] 
f-t.iM. :m 
[-jed.LHa» 

t- vn. Dug; 


Zinc Bichloride, ZnCb (c) 

*Hha= -99,600 rubrics per mob (//} 

A^=2o.Q e,ti. {11) 

M.p.=m* k. (m 

A$fgf=5,54 0 calorics per mole 

H P.^ t,00:j D K. (tf) 

28,700 calorics per mo!e 

Formation: Zn-rU a - 


{ratintated (11)) 


-*ZnO, 


r"tt. 


A.H} 

4/ff 



-»S, BOO 
R9B.60Q) 
(—-B-t. 3001 
(-». DOOJ 

-88. 150 
(-B1.IK-) 
(-7O.0M) 
(-S.SOO) 


R coo 1 

(31,000) 
(fit. DOS) i 

i.cmi.,. 

1,500. 


Zinc Dibromide, ZnBr, (c) 

—J3,200 ^lories per mole Ui) 

Nm — v.3-33 t.u. {;;) 

M.P. = 655* K. (6) 

caJories Per mole 

£.R = 975 D K* (£) 

A Hy = 24/250 calories per mole 

Formation: Zn+Br.- 


(estimated (U)) 


■+ZnBr 2 


7 " K. 


4fff 


Wfl.,. 

.too... . 

1350O_ 

I, MO 

ROtmi 

(3i.cn)) 

(56.000) 

-^,200 
(-71, -WO) 
(-'B. MO) 
(~ :r. 7(w; 

1 

l 

( 

[-74.400) 
[-C4. ao> 
f-M.KBl 
[-W, COJj 



Zinc Diiodide, Znl, ( c ) 

4 sill = ra*? 1980 mSi rils pEr molc ( Jf -> 

A:k— { tfS) f U. ( 112) 

*LP-719“ K. (if) 

1%■ B i , SS, c ?i uri « P pr *J»U' 

B.P.= I.OOO 3 K. (ff) 

A 23,000 calories per TVsole 


Format inn: Zn — J, 


(ostimati‘4 (11)) 


-Znl, 




1\ " Kr 

] IfT — t I.mt j 

| 


*7mF, 

E.IJtSl.. 


R ia All 
l^i. trim 
lit iMJ>< 

-iy, :hi ■ 
t-iLi. vtJi], 

{ — III. Milt 
t-r'fl, am 

i-yp.crnj 
r-48, ouoi 

f-i-, TOj 
C-lll, 


Trizinc Dinliride, Zn,N-, (c) 

MrtS£*fc'“ L: ‘ lur;< ' s prr tT,oio {a) 

Zorn- i (i-J (2n8°-700' 1 K.) 


u S r = J,J,ll3+ 2fl ’Sf>X 1 Q~'T tXZ) 
t thm - — fij&fiT + | 7 j_ jQ.40 x 10- ] I™ 1 



T\* K 


1 Sr “^i | 


230.. . 

400.. . 
Mr]... 
&lV) 

; ; ;. 

,.i—, 

- -! 5. L Ti'i 

.! 

1,1,1 

-iS» 

-3, ne 
-1. few 


20. 1 

-4. *00 


22. id ; 

-B, 1M 


-25- 


-50 


-75 


HOO 




a 


-ISO 


-3 75,- 


-200 - 


Znf t 


’ll S 1 - 









l 




— 

1 

tl _i _ 


h;*o 


u — 





r'-" 







Z»f, 

















^l 





TtWPERAT-jRE 


£0Q 

* K. 


200 C 


Figure 65.—Zinc, 


TKEHM0DYNAM1C PROPERTIES of 65 ELEMENTS 


ZffiCONTUM AND ITS COMPOUNDS 


Element, 2r (c) 

7\P.= 1,135* K. (rftf) 
i/fr = 02Q calorii’S per atom 
M.P. = 2,\2h* K. f IRQ) 

5 /f m = (o h 500) calories per atom 

Zone I (a) (2QS°-1,135° K,) 

C, = 6.E3^ \ I?y i0' J T-0.S7X \&T~ m * (?*) 

Hr-Him- — 2,380 + G.B37 , +0.56X lO'^+Q.S? 

X ID*T-’ 

Ft - Hitt * - 2,380- G,S3 Ti'rtX- 0.56 X10“ 1 P+0,43 

X](pr‘ + 37.25r 

Zmir LI 0) (LWtf-2 r m* K ) 

C r =7.27 (fff) 

— 1,170+7.27 7 1 

F r - ■- ih*, = - \ , 17 0 - 7.27 T/n 7+ 38- 67 T 


T, * K, 


iSf 

[Ff-Mjwi 

T 

7B& 


g M 

ft.» 

40n... 

fifii 

11. M 

ft. AT 

wo..... 

1.350 

12. 73 

10.02 

ftoc... 

1065 

14. D3 

10. It 

TOG.... 

3 600 

15- 37 

11. 14 

eno.. 

3.550 

10. J 7 

mn 

&on.... 

1, JLS 

I T. 07 

1129 

I.DOO. . .. 

&.095 

IT. *9 

12. BO 

1, IOC. ... 


IS 61 

13.28 

1,200,...... . * _ 

7,160 

20 li 

13. S 

1.3M..„_____ 

B.3W 

20. 09 

14.29 

1,*Wj.. 

4.015 

21.23 

R|S 

.. 

(e, 73fl j 

(21.701 

(15. 18) 

— _....__ 

(SD.4MI 

(33. LSI 

(C5-571 


(n.2im 

[22 611 

(LA 301 

1.80&____..... 

(it.Biol 

R3. LQ) 

06.463 

I.WO,..... 

(13.0401 

(S 501 

(IS. 72) 

2.0on.,..._....... 

03.3&o; 

(33. 85> 

(17.3S) 


iC,= S.21 + 0 §0X 10-r-2.96X10-7-1 

*/>==aK:S8I Sill ^ 

XiO i 7 l -» + 63.5T * 10 r^-1.48 

Zone III (l,47S°-2 r 100° K.) 

AC, = 3.37- l.OOX iO’ 1 ^0.46xios7-i 

^X75l 2 ,’^ + Hi;rT!° n y: ^ ,71 - 0 «Ki O -7-. 

Ar , — *5^,4130 — 11.3] Ti7i7r 0.50 V I0 -1 7^ ~ 0 

X 10*7-' r 69.44 T U, ‘ U 


T, * K. 

Ur -II™ 

St 

&H1 

art 

296....... 


E2 12 
10 00 
1ft 87 
22 . &0 
£5 « 
27 00 
2 ft 9 l 
3L.R 
33.3* 
35 !« 
3fi. 57 
K.D& 
40. 30 
41 45 
42. 03 
43 li 

■—381.400 
-2*1.2,50 
-201. tOO 
-2^0. WM 
-2M. 7M 
-260. 460 
-200. 3M 
-260. Lyi 
-280,300 

-260. *m 

-260. tOO 
(-258. 500) 

(-138.300) 

i-isan&\ 

(-257.530) 

-247, 750 
-243. 100 
-23D.4M 
-2J3. WjQ 
“S* 4DQ 
-324. BOO 

-230. 460 
-2)6.000 
-2U.4M 

-207. iqo 
-302.8M 
-1*. AM- 
l (— 393.900) 

! (-18!). TOO) 
(-183.350) 

I (- JtiO. -950) 

400. 

AM.. . 

ftM.. L , 

TOO,-..... 

800..... 

ftOO.. 

1,000 .. 

3.100.. .*.__ 

1,200 .. 

1.300.. ..... 

1,100 .. . 

L.MO....., .... 
i.roa. 

1.700.. ...__ , , 

J.S05. ,,.. 

C.VA 
3.060 
4. 69C‘ 
6 , 300 

L J 20 
9.WK 
13.TJO 
13. A70 
U, 420 
17,260 
19. IM 
M. *3D 
24. 2HJ 
2 i, *M] 
27. 77D 


Zirconium DiQuoride^ ZrFi (c) 

AJ/5v 4= ( — 230,000) calorics per mole (Jf) 
5 tm -=£ 21) f.w. tm 
A/.P.= S.SOO 0 K. Iff? 
a 14,500 calorics per mole 
,a.P.^>2 r 500 <f K. (tf) 

Formation: Zr + F 2 ---^ZrFj 

(esUmatceJ (//)) 


Zirconium Dioxide, Zx0 2 (c) 

5 P'tw ^ — 26t r 500 calories per mole {£$) 

£?*= 12.12 e.u, {83} 

T, f\ - 1,478° K. (£5) 

A// r =^ 1,420 calories per mole 

MX. =2.050* K, [42) 
aMm 3 - 20,800 calorie? per mole 
B'P.= 4 r 570° K. 

Zone 1 (a) (2&S a -l r 47S° K;) 

. C.=--10,G4 + l.BOX 10- J T- 3.36 X 10 s 7^ J (M) 

— 6,160 + 16,64 T -r 0.90 X I0' ? r' + 3,36 
X 10*7^1 

Zone 11 (J9) (l s 47S a -2 r 100° K.) 

C,= 17.80 r*6) 

H T - - 4 t 267 +17.60 T 

Formation: Zr-5-Oj--—-^ZrO : 

Zona 1 (29S°-t ,135° K.) 

AC,-2.65’ 0.32 X 10^7-2.09 X tO 1 ?^ 1 

— 262,960-^2.657'— 0.16X 10 ’P+2.06X JO 1 7^' 
A F t =* - 262.900 - ?.65 Th T + 0.10 X 3 0“ 3 T- + l .04 
X ltP7^' + 65.07 


T. * K. 

l/r- 

AH^ } Alif 

2«..... 


(-ZiO.OOOli (-21ft. oooi 
(-329.000)1 (-211.500) 

(-337.500)1 (-IB6 r O(B) 

(-22A.ttt»i i— 182. MO) 

50C. 

(4. 6m> 
fieoagj 
(35.000) 

1,000..*... 

1,500.. 



Zirconium Trifluoride, ZrF 3 (c) 


A//’™- 

( — S50.000 1 ) caJories per mole (77) 

5;„ = 

(24} € u. 


Af. P. = 

(+600°) 

K. {6} 


{13,000} 

calorlea per mole 

a.p.= 

[2,400°) 

k. m 

A/fy = 

(68,000) 

calories per mole 


Formation: Zr-F3/2F 2 -—*ZrF 3 

(estimated (//)> 



T, • E. 

i 

1 liT-Um, 

U1t \ 


2* __i ... 

t-349.5H>> 

(-HT.frV- 

(-333.-D0C!' 

am...... 

l,OOti.*.. 



J2t.00d) 

1-3B3.0O)' 


.(31 corn i-JwioPO’ i-rsv.OW* 


































































































































































UVAT CONTENT. H K AT-O F- FQ n M AT I ON, AND FKEE-ENERGY DATA 



VANADIUM AND ITS COMPOUNDS 


Element, V (c) 


5,3, = 7.01 t.u. (83) 

M, P. = 2,190° K. [ISO) 

A/f j/=(4 r 200) calories per atom 
B.P.^ 3 1 650 a K. (ISO) 

A/JV*= 109,600 calories per atom 

Zone I (c) (29S B -ly90G° K.) 

C P = 5.40 + 2 .oo xio-*t (8*) 

Hr-Hin = - 1,690-1-5,407+ 1 .OOX lO^T* 

F t — H? m = - 1,699 — SAQTfa T—l.OOX lQ-’T'+29.73 T 


T. % K. 

Hr-Uim 

S r 

tFr-Kj-V 

r 

2ft..,,.. . ... 


V 01 


4 (K. ..... 

"eso" 

iS3 


flW .. 

1, 77Q 

mas 

7-71 

M..,. _,„...__ 

i. soo 

11.44 

114 

TOC. ... ... 

life 

iz te 

177 

H» .. .... 

3.2W 

11 36 

9,08 

VK ____ 

3.960 

It. 15 

ISO 

I. oco. ......___„ 

IrcO 

I4.M 

10, u 

I, 100 .... . 

\ <10 

1S.64 

SO. 77 

1,200. 

6. 160 

1,300.... , , .. 

5,930 

IftH 

!l w 

1, 41t> ___ 

:*0 

17. 51 

U-W 

1 . XG ......... 

aeoo 

IS, Id 1 

1137 

?, bOj., ... . .. 

9, HO 

IS. 59 I 

31 71 

1- TOO...... 

10. <5C 

19. 26 

11 13 

1, ______ 

1LO) 

19. 62 

33 a 

L .. 

iooo .. 

17.42a 
13.140 

5J 3d 

13, S7 



1 

1. 


Vanadium Oxide, VO (c) 

Afl^= —03,00c cnltirjf'K per cnoln (112) 

iWsSUc.u. (138) 

2,350° K. (U) 

A f / w = 15,000 Cwioriu-'i per mole 
HP =5,400= K J&) 

70,000 calories per mole 

Zone I (e) (20S°-l r 7Dn° K.) 


C v =\ 1.32 + 3,22XI0 -1 7“ 1.25 X UfiT- 1 (106) 
H r —Htn~ —3,940 + 11,327+1.61 X 10 _i P- 1 *E 
X lO 1 ^ -1 


Formation: V+-1/20--+VO 

Zone I (29S°-1,7QD B K.) 


AC p ,=2.34 + 0,72X lEh»T- 1.06X10-7^ 

&U T ~- WU00 4-2134T+0.36XIQ- ] P + \MX 10*T-i 
AF T = - 99,100 - 2, 34 Tin T - 0.36 X 10" JJ P + 0.53 
X1D*T-i + 38.&4T 


T t * E 


i S , 

AHf 

*F' r 

2 B0 .. ... 


V. 3 

-98,000 

-9T.800 

— 93.40C 

400.. . 

l, 160 

11 64 

-S9! 300 

500......... 

2 , ino 

15.15 

-97.600 

-87. «0 

£O0---.. .._ 

1 , i+i 

17.65 

-97. 4W 

-54. ^JO 

700 .. 

AW) 

19. 66 

~97. ISO 

-S3. *.-0 

BOO__ 

b.2 m 

23,45 

-96.S50 

-SO.hlM 

500... 

7.660 ‘ 

23.07 

-96,600 

-TABOO 

1 , _....... 

9,090 

24. SA 

-96.300 

-7ft. BOO 

1,300 _ 

10 . 5» 

15. ® 

~9i,9M 

-74.900 

3,200,,,,.. . .... .. 

12 . 070 

17.19 

-S5.6O0 

-73, Ofi] 

1.300..... 

13, &JQ 

28. 52 

-K.2SO 

-71,100 

I, 400 ..... 

13.170 

| Ti M 

OSG 

-69. 3W 

3,500......___ 

16. 760 

1 30 75 

-94.700 

-67.500 

1.600. 

IB.370 

i 31.82 

-94.330 

-65.600 

1 , 7»_^ _ 

20.000 

&» 

-94. 100 

-63.900 


Di vanadium Trio ride, V^O^ (c) 

AWtjs" 296,000 calories per mcle (8) 
S*m= 23.5S r.u. tS3) 

M.P. = 2,250“ K. (112) 

A// v = (28,000) cdoriea per mole 

Zone I (c) (293°-1 ,SQQ fl K.) 

C%=29.35-4.76Xia-*r“S.42X 10*7^ 

H r -Hz* = - 10.7S0 + 29.35 7+ 2.3B X 1+5.42 

X ID 1 

Formation: 2V-5-3/20 a -—-*V 5 0 3 

Zone T C29S°-1 1 S00° K.) 

AC+= 7,81 - 0.74 :< lO^r- 4.82 X10 4 
&Hr= —299,900 + 7,Si T -0 37 X L0- J r + 4.S2X lO 1 ^ 1 
&F t =* - 299.900 -7,81 Tin 7+0,37 X ID" 1 P + 2.41 
X 1(P 7^+1 lS.fi T 


T, ‘E- 

J/r-Hai 


AX' 


2W .. 

! 

i 33 36 

. —296, 000 

-776,970 

400.. 

IriO 

31-41 

— 295.600 

— 265, 150 

500____ 

3.990 

37 BL 

— 294, TOO 

-263.550 

60C___... 

&60C 

43-30 

-294. 550 

-25IA ISO 

TOO... 

11,700 

4B.07 

-ssa. a« 

-232. 150 

BOO. 

11. 

52.30 

-293. 330 

-246.750 

eoc'. 

IB, 300 

56- U 

-2S2. 71H 

-240,-V) 

l.BH,... 

21.370 

5«. ii 

-2H, ISO 

-234. aft 

1.100....„__ 

24,6f0 

62-69 

-293.430 

-229.930 

1. 3K... 

27. 900 , 

65 56 

-290 900 

1 - 723.7ft' 

1.3CC..... 

31.360 1 

65. 51 

-250,3nc 

i -:i:. sow 

1.100..,.... 

34.540 

7D. 95 

-&9.60Q 

, -212. ax) 

1,500. .. 

35.940 

73. SO 

-2K5. BO) 

1 -21V5.H0U 

1, BOO.. 

*2.450 

7S.S6 

-3x3. aw 

-201. *.*' 

1. 700. 

+5.370 : 

7ft. 31 

-287.550 

: -196. MO 

1,800.. 

■50, lid 

IB. S9 ■ 

-'>6.8£E | -191. U'l 


TEERMOOVNAMIC PROPERTIES OF &£ ELEMENTS 


Di vanadium Tetraoride, V;0+ (c) 

-342,000 calories per mole (24) 

S^= 24.5 r.u. (3) 

T.F=2*h* K. (8£) 

iff r = 2,050 calories per mole 

M? R= 1*818* & M 

iff M “ 27,210 caloric per mole 

Zone I W (29S°-34S° K.) 

C.-29.91 {«*) 

8,318 +29.9 IT 

Zone II (?) (345M,81S° K.) 

C.=3S.70 +3.40X10-7-7.89X10*^' (SS) 

H,-- 11.3554-3,4.70 T+ 1,70 X 10-T> + 7.S9 

XIO*^ 1 

Zone HI (0 ( 1 , 8 ISM,900° K.) 

C,= 51.0(8*) 

Hr- J/™=-5,910 + 51.007 


Zone I (298°-345° K.) 


iC-=4.79—fi.OOX 10—T-f 0.80X10*7]— 
iffr=-343.900 +4-79T—3-00 X 10— T 1 — 0.80 X 10*7^ 

iF+-34? t B00-4,7977-. 7 , +?.OOX10-‘T’-0,40 

XlO i l^ ] 4 117,46 T 


Zone II {345°-l,818° K.) 


aC,- 
Af/r — 

AFt= 


10.5S-2.60X 10- 1 r-7,09 X lO 4 ^ 
-345,270+10,587- 1-30X 10- , 'T J +709 
X lO 1 ^ 1 

-345 270- I0.5S TinT-t 1.30X lQ-^+^S* 
X 10 4 7 -1 + 155,21 T 


Zone III (1,818°- 1,900° K.) 


4C,=25.S8-6.WX 10-T+0.80X 10"T- 

-339 r 820+25 S8T-3.00 X 0-80 

X 10 s T^ 1 

A ^ 3,19.820-25.ssmr+3.ooxia-'T* a -0.40 


2V 


St 

A*t“ T 


I*...- 

... 


34 5 
39,7 

-M2,0PO 
-139. SCO 

-H5,9eo 

-307. 40C 

a®o 

47. 13 


-399, 45Q 

ew...... . . 

TOJ .— 

BE . .. 

11,000 

53.19 

-13AI5C 

-291.450 

li, SCO 

SS. 79 

-337,510 

-33. 900 

19 33D 

63.59 

-53A W 

-rriiso 

to. wo 

an 

-lie. ISC 

— 5ta,JE 

uonTllini” . . 

1,IC0. .. 

1JM. . 

1.300 

1,400... 

l.scc.. 

l.aoo. 

1.700..... 

1JCQ. 

i.aoo.. . 

xsx 

71 16 

-335, W 

—3B1,35D 

30, 730 

75 & 

-334 m 

-3SLJCC1 

34, 670 

79.33 

-333, 750 

-J45 &5C 

JAMS 

to 4? 

-333.000 

-TJy,25C 

47, &Oli 

85.43 

-114 300 

-^,100 

46. 

B5.U 

-531,95C' 

_ -305.050 

50,420 

90.77 

-301.300 

^315 400 

64,710 

93.13 

-53G,ft» 

-314 0OD 

5AB50 

95,62 

-130.4W 

-3CA 

9L.0D0 

| . 11115 

-SCI, SCO 

—194,000 


Di vanadium Pentaoxide, V-O 5 (c) 


—372,500 caJoriea per mole [£] 
t.u. (831 
M.P,=943 a K, (24) 

A Hm= 15,560 calorie per mole 
E-P.-2,325° K. US) 

Aff F =°53 r OOO calories per mole 


Zone I (c) (29S B -943° K.) 

Cm— 46.54 = 3.50 X 1Q-*T'— 13.22 X J 0* T 1 " 3 (82) 
ffr-H 2 «= - 18,137+ 46.54T- 1.95X 10^7^+ 13.22 
X U>*7^ : 

Zone II (j l) (943°-l r 500 c E.) 

„ C.-W-M («) 

Hr— ^=-“2,020 + 45.607 

Formation: 2V 4- 5/20^—-—* V 3 Oi 

Zone I (29r-943° E.) 

AC,= 17. S4 -10.40 X10-' T- 12.22 X 10*7^» 

A H t - —381.450+ 17.S4T—5.20X IQ-'T^+lZ 2 1 ? 
Xlt^T" 6 

AF r = -3S1+50—17.84 Tin T+ 5 20X 10^T> + 6 11 

X 10*7^’+228.56 T 

Zone II (943°-l > 500° K.) 

AC-—16,90 —6.50 X 10' , T+1,OX10'T-* 

^365,400 + 16.S0T- 3.25X lO^P-l.OX lO*T-> 
AF T ^ -365.400-16.90mT+3.25X lO' 1 ^-0.50 
X 10*7-*+207,16T 


r. * k. 

Hr — Hm 

^r 

i>T ? . 

af* t 

jse..... 


It.3 

A L 7? 

50, li 
57,24 

61, 40 
6B.8S 
73. £2 
94. W 
99 34 
UE.3C 
l«.«5 
110.11 
131 4ft 

-17X500 
-371,9ft? 
—iTl.ftB 
-320.550 
-369. S40 

-V* ICO 
-366.350 
—ISt, Bid 
-111, TOO 
-349. TOO 
-148,900 
-347,150 
: -J47, 500 

-341,230 

-330.SOC 

-^,300 

— 310. WO 
-300. 0CQ 
-ISO. t DO 
-SO. 200 
— J7i. *00 

-264,3ft? 

-mice 

-241. 800 
-£55 «0 

- 232, SOU 

400..... 

soo.... 

an..,... 

TOO... 

80S...- 

900. .. 

1,030 . . 

1.100.... 

. - 

1.30C... 

I„4CC... 

l.MQ.,.,.. 

3.650 
7.400 
11,290 
15 290 
19.390 
33, 5W 
41,360 
+A ]B 
52,700 
57,350 
41.5S 
U,360 


Vanadium Difluoiide; VF t (c) 


I80 r 0001 caJoriefi per mole (H) 
Sm=U9) f.w. (ID 
M.P.= a,400°) K. (A) 

( 6 , 000 ) calories per mole 
B F, 7 = (2,500°) K. (e) 

Af/r-(65,000) caJorits per mole 

Formation: V + Fj———*YF 3 
(estimated (11)) 


T, ' E. 

Hr-Hm 

aHr 

AFr 

JJg_ _ _ ___- _ , . - 


r— |9C, 000? 
(-1W. 900) 
[-173, SCO:- 

(-iw.aoc) 

om: 

(-162,000) 
t-mooo) 
(-127, 5003 

-.- ■ ■ ' ■ 

(3. CDC) 
(12, CEO 
(7S, 000) 

1 0OO . 

1 5C0 .,,,... 



Vanadium TriHuoride, VF 3 (c) 

AHs*= (-285,000) calories per mole (U) 
S™-(28) e.u, (ff) 

M.P.- (1.400°) K. (5) 

iff M = {11,0001 calories per moie 

B.F. = (l/HXn K. (5) 

i ff F = (49,000) calories per mole 

Formation: V + 3/2F : —-—- 
(estimated (11)} 
































































































































































heat content, heat-0f-formation, and free-enerct DATA 


T. 1 K 

fff- 

4i/r 


" 


{-■Si,'-. fJKJ) 

[-ane sacs 


{1, OflOJ 

{-■>4 me j 

(-»B. VO) 

u , _ 

OT.tmni 


ucoi 


(TiCUJj 

{-JTT.yUO) 

[-StiQTOS 


Vanadium TetrafluQride, VF\ (c) 


AH'-r ,=( —3-5,000) clones per moie (/l) 
S-y, = (3$) e.u. [in 
$.P. = {tiOQ=) K. ia ) 

=!-3.000) calorie, per mote 


Form ation: V ■+ 2 r 7 —-* v 

(estimated (/i)) 

F. 

r.-E. 

! 

llr-Ha 1 

1 

aw; 


^.... 


(-325.000“l 

(—305. O0p1 

5QQ.... 

(6.000) 

( -323. SOtj 

3 

(—391,000) 


Vanadium Penfalluoride, VF^ ( c ) 


A #'■*< — ( — 335,000.) calories per mote {11} 
S- „=(50) mi. [11) 

At.P,=*( 375°) K. ftf> 

£.P,^3£4 a K (tf) 

■i//F=S,SD0 calories per mole 

Forrr a t ion : V + SfZFi— -*-VF s 

(estimated (11)) 


T. * E, 

Hr- 

XH'r 

aK 

3W....... 1 


(—333. HM) 

(-312, OCD) 

SC0.... 

(10.000) 




(—3S,00Q) 


Vanadium Dichloride, VCl* (c) 

= 117,000) calories per mole (It) 

^m e 23.2 e.^, (53) 

A/.F.^ 1,300° K. (6) 
aH v = 6,000 c&lgrifcs p-er mqle 
S.P.^(L,650 e ) K. {&} 

A Hr = (35,000) e aJo r ses per mole 

Zone I (c) (29S D -l f 300° K.) 

C,= 17 25+2.72X10-^0.71 XlO 1 !^ (**) 
f/r^ /f=w— — 5,000-M7.25 T-j- 1.36 x lO^P+O 71 
X 10*7^ 

Formation: V-hCL-*V0l, 

Zone I (293^-1,300° K.) 

3.03 4 0.66 X lU -i T—0.03 X 10* T~* 

aH r = - 117,950+3.Q37 , + 0.33X1Q’*T=-M) 03X10*7^* 
ar= xi^M-l?;“r' ir_033x ,0 " r ' +0 - 01s 


T, ' E. 

Hr -J/ nl 




25«_... 

*00.. 

frK.. . 

vr . 

700. 

IOC_ . 

BOO 

l.occ 

]. 500..*.I 

3.2)0 

i.ijo 

i.Xw. 

““i + "wo‘ 
l. r.sr, 
s.l» 

7, jrifi 

n. IV) - 

] :i, 2» 

13. tm 
1J.3WS 
]7,2a> 

14. 27fi 

33 : 

W-. 5 

32 ^7 
33. s.i 

33 T 

“ -S3-27 

1 *3. a ; 

1 «. 6d 

1 *7. sa 

1 O. 33 : 

50. ¥7 ■ 

(-117.0001 

( — llfl.3Vi| 

| — E J 6.OuO! 

!-3li. &50t 
(-11S.310! 

{-EH.iKM 

{— S 13.750! 
i{-111 ISO} 

( —HAQUOi 

( -104. SCO) 
(-t<ra, inrjs 
i'-> r/yiy 

(-M.rifl) 
(—53 . Tolls 
[-^ 3T||) 
(-■vi. vns 

{-:a 
t-75. mi 
{-n.ir/Ji 
(-B7.UCJ0I 





Vanadium Trichloride, VClj (c) 


A/]nG r 0 O0) calories per mole fjf) 
Swt-31.3 t.u. {8J ) 

Dls proportionates <1,000° K. (£} 

Zone I (c) (29S°-900° K.) 

C^=22.99 43.92X 10 _:, r— 1.6S X 10 s T~* (&>\ 

II T - H 2k - - 592+22.99 r+UJ&X IQ” 1 ? 11 - 1 6 S 
X llPT^J 

F orma ti o n: V -f 3/2 CI 2 --—* y Cl, 

Zone I (29S °-900 a K.) 

AC P = 4.36 4 1.63X10 - 1 T 1 —0,64 X10 J 7^ 3 
&H t = - 140,6004 4.36T40,915X lO-’T^+Q^X tCP7^ L 
A/r= —140,600 — 4.3677)1 T— 0.915X 10**7^40.32 
X 10*7^*485-327 


T, * K, 


Sr 

AJ/? 

i 

2 saa_..„„... 


31,1 

(-IM.OOOT 

' (-123 .4001 

*00 ... 

2. 3fa 

M 3 

(-116.5001 

(-110.7011 

500 ,_ ... __ 

4,7X1 

W. J2 

(-13S. 300) 

f-Eii.mo 

SDO... 

7, ISO 

47. S3 

(-317.500) 

(-L0A 100) 

TOO,.... 

9,700 

61. 73 

-1J7. MO) 

(-KM. tool 

SCO. 

12.270 

AS. 15 

(-116.400) | 

(-SS.nM) 

aoo ___ 

14.SU 

AS. =0 

C-115.900) 

(-S0.7OJ3 


Vanadium Tetrachloride, VCl^ (0 

A 4 r h» = (—141,000) calories per mole (11) 
&p-(61) e-«. ( 11 ) 

M,P. =247° K, (6) 

&Hm= (2,200} calories per mole 
= 437“ K. (6) 

A/f f = 7,700 calories per mole 

F orm a tio n; V ■+ 2 CI j---—*V€l * 

(estimated {//)) 


T. " K. 

ffr-N™ 

AHf 

ae; 

HB. 


1—HUOOO} r 
(-131.000) 

(-1^5,000) 

soo,.... 

(14.700) 

(-[lj. OEM) 



THERMO DYNAMIC PROPERTIES OP 6 5 ELEMENTS 


Vanadium th bromide, VBr 2 (c) 


Vanadium Carbide, VC (c) 


( — 07,000) calorics per mole {11} 
S™={30) *.u. ill) 

M.P.= < 1,100“) K. (5) 

A Ww— [7,000) calorics per mole 
B.P = (1.500 s ) K, (ff) 

A Hv- 132,000) caloric* per mole 

Formation; V+Br,—-——*YBr a 
(estimated {JJ}) 


74 E. 

Jfr-Wirt 

ajj? 

A/C 

as. ... 


(-(rr.rtM) 

1-0.00O) 

HQ. 

(4.000: 

(-IB. SMi 

(-W.O301 

1 .000.. 

(ii. nm 

(—101. TOG) 

(^70.000) 


Vanadium Tribromide, VBr 3 (c) 

A/f™=(— 109,000) calories per mole (U) 
S a *«(43) c.u. {}!) 

Decomposes to YBih 

Formation; V-F3/2Br a -* VBr 3 

(estimated (i/)) 


T. * X 

Ut-n M 

AWf 


Sft . 


(-HS.OOO} 
(-HB, KH) 
(-114,700) 

<— tna. sod) 
(-M. 000 ) 
(- 70 . oa;i) 

sea . .. 

(LfflO) 

(U.OCQJ 

1,000... 


^.^.=3*100“ K. {$} 


Zone I ( c ) (298°—1,600° K.) 


0, IS-3 30 x 1<V ? 7 -1 95 X ] 0 i 7^- 133) 
Hr-Hz*—. -3 r )2a^9.iBT4 1.S5-X 95 

X lD»T-‘ 


Formation: V4C- 

Zone I (29S a -l,6D0° K.) 


-*vc 


AC.= 
A 4" f — 


-0.32 4 0.2S X 10^r40.I5x 10’T ^ 1 
-27.870-0.32740.14X10**7*-0 ^x 10'T 1 -' 
— 27,370 + 0.327in7-0.14XlO‘ J TV-o 075 

xio*r-'-o.53r 


1 

EJ 


Sr 

Alfr | 

*n 

Bft.... 


6 77 

—2S, DM j 

-T7.525 
-27 350 

+00... 

500 

0.37 

DOO : 

500.. 

l.eso 

11 17 

-2B.DM1 : 

-27.XO 

&00 .. 

1 aro 

ii n i 

-3.00^1 

-27. ftM 

TOO. 

3.SM 

31 .« : 

1 -s.&x 

-2fl. «W 

too. 

i,mn 

IE ri 

1 -> EV.M ; 

-26. 750 

SCO 

6. 2W 

L 7. &1 1 

' -24 COO ! 

-26. AVI 

t.EO-J 

7. 5L0 

1 iv. k : 

i 

— X. +TI.5 

1.1.00 

S. “n 

' X 4L 

j -27.9V>; 

-2f>.ZV> 

1,200.. 

10.000 

21. S3 

! -27.5150 

. -26. 100 

I.JCO,,,. 

11.1^0 

r U M 

1 -27. KW 

! -2A, &3U 

1.400. 

0,720 

5 J3.57 

i -27,9.0) 

-25. B70 

1,500. 

14.060 

24.5L 

' -77.900 

' -25 o30 

ljBCG,. 

is.+sa 

25. 46 

1 -27. SOO 

-25.600 


Vanadium Diiodide, VI; (c) 

A W 5 w= ( — 62,000) calorics per mole (7J) 
S,*=(33) e.u. {11} 

Af.P = U,05CT) K. (fi) 

= { 6 , 000 ) calories per mole 
B.P *= (1.200*) K. {ff) 

A//f= (25,000) calorics per mole 

Formation; V + Ij-*VIj 

(estimated (//)) 


T, ’ K 

llw-tlm 

Af/; 

Af* 

596, . 


(-92. KM) 
(-7At0D) 
(-13. WO] 

(-flUEQ) 

t-sa.ooc) 

(-KOOO) 

500.. 

1. goo . ... .. 

(4: OK) 
(14.DP0) 



Vanadium Pentaiodide, VI ± (c) 


Af/rt, = (—42.000} cftloriea per mole (II) 
>5?t*= {” 8 } e,s, (71) 

Formation; V + 5/21 3 -— -»V1 S 

{estimated (//)) 


74 K. 

IlT-Ktm 

A/(r 

iEr 

2K,, it , , , 


(-a cooi 

t—a os?) 

SDC , . , . L 

(A Otfi) 

(-T7.000) 

(-33*300) 



Vanadium Nitride, VN (c) 

Affm= — 40,300 caloric^ per mole (S3) 

= 6.9 ( lH , Iffi) 

A7P = 2,320° K. {9} 

Zone I (c) (298°-l : 600° K.) 

C p — 10-94 4 2,10 X 10 J| T—2.21X lO'T -1 (SJ) 

— 4„OSS— 10.04T4 405X 10^'7^42.21 
X lO^T 1-1 

Formation: V + 1 /2N 3 ->VN 

Zone I {298°-l T 600° K.} 

aC t = 2.21 — 0,4 L X 10 _1 7—2.2IX lO 1 ? 1-1 
AH r ^ -42 r ISO -u 2.21 T-0.205 X L0- J P42,2lX 10*7^* 
AF r == -49.160- 2.21 Tin740.205 X 1Q- 3 P4 1.105 
X 10* 7“’ 4363H T 


t, * r 

XV- ,'7.1. 

Sr 

aW* 

aE* 

2% . 



-40 . too 

-n.: 

4E3E) ... 

1.QIO 

11.51 

-40. 7 Vi 

-32. ■ 

500 

2,0*1 

14 M 

— 40. TOO 

-x.: 

600 .. 

3,3® 

IB- 34 

-40. &00 

- 5.' 

TOC... 

4. 37Q 

in* 

1 -40.450 

1 

too.... 

stc 

(9 r-i 

- 40. 250 

1 -24. 

too_„ TJ . 

S, 750 

51. IS 

; - 40.100 

1 -22.' 

l.tBO. ... 

' 1 tx 

2J SO 

1 -39.900 

j -20. 

1. ICE). 

t. 430 

! 13 74 -M. 750 

\ -JK 

1, MO 

10. 75C' 

| 2+ xi 

-3® AH) 

- If. 

1 MO. 

! 12. &M 

25 

"iv 4(4'' 

- 14 

]. too .. . 

1 13. iX 

I » 97 

- an 

- 13, 

1,500 ... , 

14. 

I -7 91 

-39 ISO 

-la. 

L«E . 

\t, Csj.' 

! ^ .HI 

— 3$ iu 1 

— h. 



E. T tl 


gSsSisgggSESSa 















































































































































HEAT CONTENT, H EAT-OF-FORMAT! ON, AN'D FREE-ENERGY DATA 


Zirconium TetiaOuoride, ZrF* (c) Zone I (29S a -604 3 K.) 


Altht> = { — 445,0001 Calorics pnr mole (ff) 

r.U, UJ) 

sj\ -(1,-Jfim K. iff} 

^(46,000) palurii-M pur mole 

Formation: Zr-t-21 


(estinmted (//)) 


-ZrF, 



T, * X. 

/fr— 

1//? 


35S.. 

t —WA-tKW 

DM) 

J.ftXl... 


tli, EItHJl 
C4 0(10) 

{-tUiPfll 

('iJj.StXl] 

(-Htf.wo) 

(-03^000) 




Zirconium Dichiori.de, ZrCl. (c) 

a//?m = ( — 145,000) calorics per in ok (ii) 

S:«™(27) tjt. ill) 

M.P.=* f |,000 s ) K, (5) 
i//1^7,300 calories per mole 
BP. = (1.750 s ) K. <6J 
JlH|t= (35.000) calorics per mok 


Formation: Zr+G s - 


(estimated (//)) 


+ZrO z 


sr*" e. 

Hr-rim 

iflr 

*F't 

. 


145. 0003 
C-M4,HK1) 

(—135. flUO) 

("134, (3001 

MO .... 

(A. 

(SLDfflJ] 

I _ 1 in fuvi \ 

1.000 ____ 



1 t ■» 1 + F 


Zirconium Trichloride, 2rCl a (c) 

Affiu™ 208,000} calorics per mole (li) 
Bs«s=(40) r.u. (1/) 

A/./\=(&00*) K. (£) 

Disproportionate? above 1,000 3 K. [0) 


Formation: ZrF3/20lj- 


(estimated {//}) 


+ZrCi 3 


T,'K. 1 Mr-H^ 



Wfi. 


(-2Ti7.ffll0h’ 

t-smuwo)] 

ill 

Bia'd 

TTT 

500, 

(S.U001 
(20, DM* 

1.000.__ 


Zirconium Tetrachloride, ZrCl, (c) 

A//«,= t--230.000) calories per mole (f!) 

52n=44.a t.u. {S3) 

AU P -“S 4 ’ K - W 

A//,„ b(—25,290 calorics per mole 

Zone I (c) (298^604° K,) 

C r -3LS1J-2 MX1&T-* (Jtfi 
*hti 10,495 + 31,92 T+2.01 X X0‘7 M 

Formation: It 4-2(1- 


aC,= 7.45- 1.24 x lO-^r-O.eaXlO^T^ 1 
a 7/7= —S?2 ,400-I_7 45T-0-62XlQ~ i T ,J + 0.6BXl0 1 7’-* 
Ar r— — 232,400 - 7.45 FiX T— 0.62 X 10“ l 7^ +0 34 
Xl0 t T-*+iai.'277' 


T, * K. 

Ut-n*, ; 

Sr 

a//’ 

2Sfl. 


+4.5 
-■J. li 
5lf.9Ji 

rj. A) 

: (-uo.ranji! 7A"j 

(-2S.3W}I r-SuMMl 

1 ( -TJS, rTTml (~ tU4, 5.VJ1 

i (--r+.yoil 

too.... 

i. fiofi 
hJhVf 

«. m 

KW. . „ 

OOQ.. 

1,000... . 

1,500.. 

1.OJ0 .. 

. 


1---......... f— IrU. UODJ 






Zirconium Dibromide, ZrBr? (c) 

120,000) calorics per mole 17/) 
S 211 ■={.32) t.u, in) 

A/.P = (U00 D ) K. {$) 

1,500 s } K. {S) 

A//v= (33,000) calorics per mole 


Formation: Zr-FBis- 

(estimated ( 11 )) 


*ZrBr 



T. * E. 

! Ur-fTi* [ 

aHr | 

4fr 

25B .... 


1 i 

III 

TTT 

(-1 

(_jffll 

ACO ... 




—S™. 

(- st.'jfti; 


Zirconium Tri bromide, ZrBr 3 (c) 

A H\u = (,—174,000} calories per mole {ID 
5m™(42V f .«.-{//} 

Disprnportionates above 1,100 s K. (ff] 


Fo rm at ion: Zr + 3/2 Br 2 - 


(estimated {II)) 


—^ZrBrj 



T, * E, 

j 

ah; \ 


299_ 

500 ... 

3,000_ 


_!...i 

— i ( 5- U0uii 

f-179.0txn! 
t — 16*. UCrtl j 
(-161,000). 

TTT 

ill 


Zirconium Tetra bromide, ZrBr< (c) 

\ — 102,300) calories per mole (/ jf) 
5m =(54) e.if. (I/) - 

5.B. = 5f 15 s K. 

A//*„*[ = 24,000 calories per inole 


Formation: Zr-h2Br*- 


(estimated (JJJ) 


->ZrBr, 



r, * k 

1 j 

A*r | 


3SS 


i 

f — 19C. 3 00" 1 

( —1S3.000' ! 

JOC. ... 



i-JCfi’. *00- 

t-tTL 5D01 


r*_ a3 ._ 


THERMODYNAMIC PROPERTIES OF 6 5 ELEMENTS 


Zirconium Diiodide, Zrl s (tf) 


AJf4*=(-90,000) calories per mole (N) 
&„=(35j ff,n. {ID 
M.P.=*{7 O0 D ) K iS] 

B.P. = \\ ,300") K. iS) 

AH i - (27,000) calorics per mole 


Formation: Zr-rl?-— -*ZrIj 

(estimated ( 11 )) 


T, ‘ X 

Hju 


A Ft 

ngpl , _ — ------- 


l-». QORV' 

(^83.500) 

.. 


[-ffT.OUO 1 ) 

| (-JtT.OOO) 

(22.000) 

(-37.0003 

(-71,CMS) 


Zirconium Triiodide, Zrl 3 (c) 

A//4h=(- 128,000) calories per mole {//) 

5n,«H5) c.u. (12) 

Disproportion*. Iks above 1,200’ K, (0) 

Formation: Zr Hr 3/2l 2 --—*ZrI 3 

(estimated (11)} 


T, * E, 

Hr-Hm 

AJf7 




(-m otn) 

t- 126. OOO) 

. 

l,OM...... 

.t’ e6oo> 

C —149,900) 

{-131.000) 

U9.0W) 

(-1*6. tOC] 

(- fc.KS; 


Zone I ( c) (298MjOG° K.) 

Cp=n O+l.SBXlO-'T-lJSXlO 1 ?^? (=?<?} 
ttT- «2W-- - 3,930 + 11.Q7+ 0.S4 x 10‘*r 1 + 1.72 
X lO 4 ?^ 1 


Zone I (29SM,]35 fl K.} 


A C, — G.94_+ 0-05X1Q _s T— 0.55 X 1 O’ T^i 

”67,832+ 2-^47+0.025 X lO^T 3 4-0.85 X l0 i r-' 
AF t— — fir f S70 —0.94Ti7i7’—0.025X —O 4 ,? 

X 10 s T~ l + 2SJ7 T 


Zone IL (1,135^1,700° K.) 

5C t - 0.40+L17X10’*T- 1.72X lCPT^i 


A^r= — 5 IJ , 100 — 0.40T+O.58X 10" 1 7^+1 72 x L0 4 1^ 1 
AF r ^ -S1U00^0.40 TtnT-QM X IQ-^+O 86 
X I0 i 7^ t + 28.0T 


T, * x. 

Hr-ft* u 

Sr 

Air r 


M3.. 


9,29 

-a", soo 

-sn.sco 

-7B. Iffl 

«cs... 

. 

l.«0 l 

1129 

-37.300 

MO... 

4. \7C1 : 

It-09 

—17.250 

-74,«fl 

«C0.. 

1 .W1 1 

Ifi 77 

-57. (50 

—73, KB 

7W)... 

4, (W 

m 60 

: -47. IDO 

-TJ.J50 

BOO.... 

S.fi7f> 

30.53 

-sr, (nil 

—m, ICC 

KH.. 

fi.ffis 

21 TO 

i -sa.iia 

-6*. & 

UNO.... 

1 . 190 

23.04 

-66. 750 

-frl.450 

I,t0d.... 

9,470 

24. 2R 

-f6.7M 

-62.500 

. 

VU. 66T- 

4S.3? : -jc.iai 

-60.350 

1,500__....... 

la.HfC 

20 . *1 

i -s:,3£0 

-AfS.OOJ 

l,*fflh_.__ 

is. am 

27.40 

! -*7. [no 

, -5S.«U 

1.5M... 

H.o*J 

2*. 3( 

L (-BE.950S 

(-63.550) 

1,600.... 

ie. mo 

s 39.17 

, 1-86. MB1 

i [-51.300 

1,700... 

1 I7.3AH 

1 29 .96 

(-M.3001 

(-H.iOOJ. 


Zirconium Tetralodide, Zrl^ (c) 


aT/tm— ( — 130,000) calories per mole (JI) 
Sw^lfiO) f.B* U7) 

5.R-704 0 K. {6) 

6.H wm u = 29,000 calorics per mole 


Formation: ZrF2l^—-^Zrl^ 

(estimated (11)) 


■ E 

//t-J f*l 

£JI*t 




(-130,0001 

(-129,007) 

. 


oco] 

(-liATTO^ 

(-124,000) 


Zicconium Carbide, ZrC (c) 

A/J 5 «=-44,100 calories per mole M 
£^=(8.5) IW) 

7 Fj w =t ( — 43,4501 calones per moie 
M.P= 3,805 s K :(3) 

Zirconium Nitride, ZrN (c) 

AW!b= —87,300 calories per mole (100) 
9.29 e.w. {83) 

M.P. = 3,255 s K. {9} 



-T 


. 


Zr« 

tPiCU, 

2-6l 




i 

i 

■ 

j 

irtt 

j.Bk; 

*-'T. 

(- 

f.B.; 


a. 


B It ftp; 

*■— ^ 

r 

— 

*IrCL, 

j) 



—— 

rT jD 


} J<li 

Irfi 

Jb ^ 

J- 

3- 

iit* 

B *V— 







H 







nil 

r-' 




j? - 



1 


iOOO 


l^OO Z£>00 


TEMPERATURE, *K 


Fiouee 6T.— Zirconium. 
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Fluoridr^i Jour. Am. Chem. Soc., vol. 71, 1949, 
p, 41 15. 

135, Todd, S. S., and Bonnicksqn, K. H. Low- 

Temperature Heat CuiniCtiii^ and Entropies at 
295.16° K. of Ferrous tKidc. Manganous Oxide, 
and Vunadiuni Monoxide. Jour, Am, Chem. 
Soc., vol. 73, 1951, p. 3894. ■ ' 

136. Toro, S. S., and Counnurs, J. P, Low, 1 -Tempera¬ 

ture Heat Capacity, Entropy at 29S.10 K, and 
H igl l- T cm peratu re Heat Content of Ferric 
Chloride. Jour. Am. Chem. Soc., vol. 73, lyal, 

13? Udv Tc.. and Boblceh. V. W. Properties of 
■ Beryllium Or;ide. A EC BMI-T-IS. 1949. 2S, W. 

138. Cot, M. C. p Shaw. H. I.., and Bovlolr, f. T[' 

Fropertie?. of BcrvUium. Nucleonics, vol. 11, 
Mav 1953, p, 7,2-' 

139. Vedeneev, A. V.. Kazarnovpkava, L. and 

Kai-aS^oyrkii, I. A- Heats, of Formation or 
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appendix c 


BT3LI0GHAPHY OF MATERIAL AND ENERGY BALANCES ON METAlLURfTrai 
CEMENT AND LIME PROCESSES " LAL 


C,0 INTRODUCTION . ' 

The following bibliography was developed to give an indica¬ 
tion of what is available in the published literature on material 
and energy balances of modern processes for the production and 
processing of metals, cement, and lime* The Chemical Abstracts 
were searched from 1950 to 1975, and, in addition, all available 
books on the subject were reviewed. 

Brief annotations are provided which indicate whether or not 
the paper gives actual plant data or hypothetical calculations. 
Obviously, the authors cannot vouch for the accuracy of the papers 
themselves, nor the abstracts from which the annotations were 
obtained in many cases. 

C.7 METALLURGICAL PROCESSES 

1. Optimization of Metallurgical Processes, Proceedings o,f a 

Conferenee, No Y ~ Sol ntsev, (Russ), 

2. Process Engineering Calculations - Material and Energ y 
Balances , M. Tyner, The Ronald Press Company, New York, I960, 

Energy and material balances for combustion processes 
are described. 

3. "Fuel Economy of Furnaces", W, Trinks and M. Mawhinney, 
Industrial Furances , 5th Edition, 109-204, (1961). 

4. "Plant Material Balance", F, Tingey, Ind. Eng. Chen . 54, 

No. 4, 36-41 (1962). 

A mathematical procedure is described, which is of help 
in making decisions on whether or not to shut down a 
process in which excessive product losses are suspected. 

5. "Necessity of 'External Electrical Heating of Furnaces for the 

Investigation of Exothermic Processes", I. Rafalovich, Tsvetn, 
Metal , 36 (11), 32-4 (1953) (Russ). " " 

Equations and calculations are given for the determination 
of heat balances, 

5. "Thermal Balance Measurements for Production Processes. II", 

M. Kwiatkowski, T. Missala* and W. Szacki, Przemysl Chsm , 

42 (10), 576-80 (1963). 

Effect of measurement errors on heat balances is discussed. 


























7. "Determination of the Gas Utilization Factor in Industrial 
Furnaces During Carbon Dioxide Evolution", M. Ravich Gaz 
□elo, Nauchn. - Tekhn. 5b . 1953(3), 33-6. ’ 

Energy balances, fuel efficiency, combustion. 

S. "Adjustment of Measurements in Chemical Industry", A. Swenker 
Proc. Intern. Meas. Conf., 3rd, Budapest 1964f 11T’polza (Ger)’ 
Measurement errors. 

9. "New Method of Heat Calculation for Shaft Furnaces", V 
Romanovskii, Tsvetn. Metal . 37{8), 41-7 (1964) (Russ).' 

10. "Determining Heat Losses on the Outer Surface of Electrical 
Furnaces", T. Schwartz and 2. Czajczynski, Przeql. Elektrotech 
1964(7), 341-3 (Pol). — J ~-— i ‘ 

A simple method for determining heat losses which eliminates 
Ine Uie of complicated formulas is presented. 

11- "Thermal Balance Measurement of Production Processes. III. 
Conclusion", M. Kwiztkowski, T. Missala, and W. Szacki 
Przemysl Cherru 43(4}, 221-3 (1964). 

Energy balance for a new plant. 

12. "Factors Affecting Thermal Efficiency in Steelmaking Proces¬ 
ses 51 , J. Edwards, J. Inst. Fuel 38(297), 443-50 (1965). 

General discussion and review. 

13. "Direct Measurement of Heat Losses through the Walls of 
Industrial Furnaces by FIuxmeters 51 , J. Deliere and S 
Glaverbel, Silicates Ind , 30, 233-42 (1965). 

The preparation of fluxmeter systems is accurately des¬ 
cribed. 

14. 'Use of an Actinometer for Determining Heat Losses into a Sur¬ 
rounding Medium", L. Krigman and I. Polosin, Gaz. Prom. 11(8), 
37-8 (1966) (Russ), 

Heat loss measurement. 

15. "The Recovery of Heat in Industry", R. Zirmermann, Metallur¬ 
gy (Paris) 98(7-8), 535-6 (1966). ' "— 

A description is given of what is done and might be done 
in the steel and nonferrous metal industries to conserve 
heat, 

16. "The Heat Economy of Metallurgical Processes", A. Lange, 

Nehezip, Musz, Egyet. Kozlem . 1967, 13, 197-216 (Hung), 

A review is given of the relation of winning processes, 
reaction kinetics, and energy requirements in nonferrous 
metallurgy, together with a qualitative evaluation of 
various types of metallurgical furnaces. 

1/. "Calculation of the Yield of Serviceable Metal", A. Bigeev, 

P. Perchatkin, A. Millyaev, Y. Kolesnikov, S. Milyukov, 

artd A. Lapin, Intensifikatsi.ya Avtomat. Martenov- 
Protes-se ssa, Tr. VsesT MezhvusT Konf . 1967 (Pub, 1969) 
^y-b2 (Russ). Edited by M. Glinkov, "Metallurgiya": Moscow, 


USSR. 

Balances of Fe and other elements during melting are used 
to improve the calculation of the yield. 

18, "Thermodynamics of Recuperation of Waste Heat from the Com- ' 
bustion Products of Industrial Furnaces", S. Cernoch, 0. Iron 
Steel Inst,i London 1969, 207 (Pt. 12}, 1573-90, 

Thermal work of a furnace is analyzed graphically. 

19, "Ecological and Technological Aspects of Utilization of Waste 
Disposal Heat", C, Thomas, AICh'E, Symp. Ser . 1972, 68(122). 
58-62, 

Evaluation of heat transfer surfaces. 

20, "Recuperative Waste Heat Recovery", 0. Larson, Precis. Metal 
1974, 32(6), 28-30. 

General quantitative discussion of energy recovery meth* 
ods. 

21, "Energy Efficiency in the Age of Scarcity", H. Kellogg, 

J, Metals 1974, 26(6), 25-9. 

Process Fuel Equivalent and Material Fuel Equivalent are 
defined and used T to compare processes. 

22, Enerqy - Use and Conservation in the Metals Industry , ed. by 
Y. Chang s W. Danver, and J * Cigan, A.I.M.E., New York (1975). 

C .2 METAL PROCESSING 

C.2.1 CASTING 

1, "Heat Flow in the Continuous Casting of Steel", 3. Donaldson, 

R. Easton, and R. Kraus, Glesserelpraxis 1956(24), 465-71 
(1965) (Ger). 

Experimental heat loss data. 

2 "Combined Radiative and Convective Heat Loss from the Surface 

of a Solidifying Melt", 0. Ludley and 0. Szekely, J. Iron 
Steel Inst. 204(1), 12-15 (1966), 

Theoretical calculations: heat losses to surroundings. 

3 "Thermal Investigation of the Feedhead of Small Steel Ingots , 

G, Csahalik, Maqy, Tud. Akad. Musz. Tud, Qszt. Kczlem . 37(3-4), 

409-26 (1966 (Hung). 

Experimental heat losses from hot-top. 

a "Change in the Heat Content in Hardened Ingots", V. Temnik, 

Izv, Vyssh, Ucheb. Zaved.. Chern. Met . 1973, (j), 169-71 

(Russ). ~~ 

Heat content measured as f(Temp.J. 

5. "Thermal Balance of the Cylinder-Metal Mold System", W. 

Przybytniowski and W. Longa, Zesz. N a uk, A<a^. Gorn.-Ku n ., 
Krakow, Zesz, Spec . 1973, 44,^0-50 (Pol), 

Heat balances on commercial ingots. 
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C.2.2 COMBUSTION CALCULATIONS 

1- "Nomograph for Determining Heat Loss from ni=:rf'=^n- - 

Is-6 7 (lta2)] der ^ V> Shchel0k0V - GitOv^_Prp^;‘ lSss; 14(f), * 

Heat loss nomograph, 

2 * germination of the Effectiveness of Usino Natural Ga- in 
Multistage Apparatus"^. Klimov, Gazov. Prom . 19^ (10), 43 

Heat losses. 

3. "Operational Calculations of Heat Losses with Exhaust Gases n* 
^Oiler Units Operating on Gaseous and Liquid Fu^ls" ~R c um ' 4 .i,j 
I r. Tashken t. Politekh. Inst. 1972. k„ 2 “ ,i,:U ?n. B lJ yutkln ’ 
Ah., Teploeb erg, 1973, A bstr. No 1T27 ( 5 ' ^ 

Heat losses, 

4 ' Si r -nnc B a la ^ ce 0f 3 Ur3e P ^1 prized Coal-Fired Furnace" C 

EJSTL*«?SiJ!: as?: - - 

Mercury balanced-*- ’ J ' SJ * ni '• 

C.2.3 DRYERS 

1- anri^P+r 1 " 9 Calculation of Thermal Equilibrium of Dryers 
and Determination o. Moisture Loss in Drying" V Kurochkin 

Zh. 1975, 28(1 ), 143-5 (Russ) Kurochkin, 

Energy and material balances, theoretical model. 

2 - ^ «• ««*. s-i S . Perg,.,,, 

Energy and material balances, example problems. 

C.2.4 FORGING 

1- Cond ^tions for Metal Heating", S. Malyi Izv Akad' 

1966(5), 172-6 (Russ). ~ ‘ 

Math expressions developed for optimal conditions for 
Dealing metals, 

2 ’ U?hrt na 7 3 vHS nne ?2 0f Dr0p For 9 in 9"- Y - Okhrimenko, Izv. Vyssh 

ChErn - Mpt 1571 > H<5). 84-S (RussH- 

heat balance on drop forging die. 

C.2.5 HEAT TREATING 

T ‘ s}a h bs" al r° P sf a h i0n of r 5 'Zone. Holding Furnaces for Heating Cast 
* Jabs , G, Shchapov* 5tal r 1972, (10), 957-8, 


Heat balance on plant measured. 


2. _Effectiveness of the Regeneration of Heat in Heat-Treatment 
Furnaces with Stagewise Use of Natural Gas", V Griaor^J ‘ 
Gazov. From . 1973, (4), 32-7 (Russ). y ’ 

Problems of effective utilization of heat in the effluent 
gases from natural-gas furnaces are discussed. Equations 
for calculating heat losses, efficiencies, and overall ’ 
economy of the process are given. 

C, 2*6 MINERAL PROCESSING 

1- "Advances in Mineral Processing Material Balances", R Wieq^i 
Can. Met. Quart , 1972, 11(2) # 413-24. 

Material balances, review* 

C.2.7 SINTERING 

1. "Material and Heat Balances of Sintering Agglomeration”, P. 

Grekov, Trudy Ural. Politekh* Inst. 1m* S.M* Kirova No* 105 
5-17 (1960^ “ ' 

Material and heat balances were determined from the gas 
analyses, 

2. "Calculation Method for Sintering Charge", E. Vegman, Izv* 
Vysshikh Uchebn. Zavedenii, - Chern. Met . 7(5), 28-32 ’(1964). 

Heat balance and material balance equations for the 
sintering process* 

3. "Self-Fluxing Sinters and Possibilities of Improving them by 

Considering Thermal Balances", F. Asensio Gonzalo and J. Boned 
Sopena, Inst, Hierro Acero 17(93), 467-99; (94), 533-51; (95), 
619-62 (1964). - 

The heat balance was made on fines of limonite. 

4* "Experience in the Computation of Sintering Charges Using the 
11 Ural-2 1 Electronic Computer", E. Volkova, Kh* Zaitsev, I* 
Medvedev, and V. Vikhrov, Met. i Koksokhim., Mezhvedomstv. Resp 
Nauchn.-Tekhn, Sb . 1965 (1 }, 191 -ZOO'{Russ)'. 

Computer program equations are based on 0 balance, basicity 
balance, Mn balance, and Fe balance. 

5* "Sintering Equipment at Tarente (ITALSIDER) Steelworks* Analy¬ 
sis of Results Obtained form December 1965 to September 1956", 
M. Carignani and A* Chiaverini, Centre Doc* Siderurg*, Clrc* - 
Inform* Tech * 24 (7-8), 1741-65 (1967) (Fr)* ' 

Material balances In terms of sinter and production yields 
are discussed. Heat balances comparing mixtures with zero 
and 15% magnetite confirm the reduced need for coke as more 
magnetite is used* 

6. "Calculation of the Composition of the Gas Phase Formed During 
the Combustion of Carbon in Sintering and Roasting Processes", 
V. Shurkhal, Izv. Vyssh* Ucheb. Zaved*, Chern* Met* 1969, 12(8) 

27-31 * " -- ” -—‘ 

Heat balances taking into account Incomplete combustion. 









































7. "Temperature-Heating System for the Sintering of Kursk Mag¬ 
netic Anomaly Ores", V, Shurkhal , V, Yakubovskii, E. 

Nevmerzhitskii» Teor, Prskf. Avtomat, Aglom* Froizvod . 1971, 
133-45 (Russ). Edited by N. Fedorovskii* Inst, Avtomat.: 

Kiev* USSR. 

Large-scale agglomeration processes were studied.. Heat 

input as well as output was calculated. A heat balance of 

the sintering process was presented, 

8 . "Constructing Balances of the Process of Agglomeration and 
Calculation of Charges by Linear Programming on a Computer", 

A, Pokhvisnev, E. Vegman, M. Frenkel* M. Vol'pert, and A, 
Grishkova, 5b.* Hosk. Inst, Stall Splavov * 1971* No, 69. 3-15 
(Russ), 

Calculation of agglomeration of ore charges is accomplished 

by using material and heat-balance equations. 

9. Agglomeration of Iron Ores , D, Ball, et al, American Elsevier, 
New York, pp, 95-97 (1973), 

Material and energy balances summarized for sinter process, 

C, 2.8 WELDING 

1. "Temperature of Aluminothermal (Thermite) Processes", A. 

Dubrovin and Y, Pliner* Izv. Sibirski.' Otd. Akad. Nauk S5SR 
1962 (12), 9-15 (Russ). " ~™ ~ 

Energy balance, heat losses, 

2. "Heat Balances of Submerged-Arc Welds Dependent on Some Pow¬ 
ders", G, Becker and L, Rink, ZIS (Zentralinst. ’Schweisstech.) 
-Mitt . 6, 134-57 (1964), 

Energy consumption. 

3. "Heat Balance in UP (Submerged Arc) Welding with MnO-Containing 

Welding Powders and the Properties of the Powders", G. Becker, 
L. Rink, and G. Hesse* ZIS (Zentralinst. Schweisstech,}-Mitt 
7(2), 236-57 (1965) (Gef^ - 

Energy balance. 

4. "Heat Balance of Co 0 - Welding", G, Becker, ZIS (Zentralinst. 
5ehweisstech,)-Mltt T 9(7), 1088-1103 (1967) (Ger). 

Energy balance. 

5. "Thermal Regimes in Electroslag Welding and its Metallurgical 
Consequences", M. LeFevre, Areas (Brussels) 1968* No, 157* 
4205-16 (French). 

Energy Balance. 

C.3 METAL PRODUCTION 

C,3.1 ALUMINUM 

1. Method of Calculating Energy Balances of Electrolytic Alumi¬ 
num Cells", V. Krivoruchenko and B. Gulyanitskii, Leakie 
Metal |y (Leningrad) Sbornik 1QE7. No, 2* 9-18. 

Energy balance* theory. 


2 . "Problems fn the Electrolytic Production of Metals from Melts, 

The Example of the Molten-Bath Electrolysis of Aluminum"* 

H, Ginsberg* Chem.-ingr.-iech . 33, 80-4 (1951), 

Material and energy balances* review. 

3 "Relaxation Technique for Calculating Heat Loss from an 

Aluminum Smelting Cell", W. Haupin, Ext. Met. Aluminum 2, 

139-51 (1963) AWE. 

Experimental heat losses* theoretical calculation, 

4 "Discussion of Heat Balance in the Digestion Process of 
Rmntite" Extractive Metallu rgy of Aluminum, Volume 1* Alumina * 
ed by g! Gerard and P. Stroup, Interscience Publishers* pp. 

71-82i (1963), 

5 "Determination of the Dependence of Heat Loss of Aluminum 
Electrolysis Cells on the Temperature of the Melt", V. 

Dmitriev* Tsvetn. Metal . 38(2), 49-52 (1965). 

Heat losses, review. 

6 . "A Material Balance for Leaching Bauxite Clinker", K. Tomka, 

Neue Huette 11(1)» 33-7 (1966) (Ger), 

Material balances. 

7 "Level of Metal in Heat Transfer and its Effect on the E-lec- 
trolysis of Aluminum", M. Korobov and E. Yanko* Tsvet. Metal. 
1968, 41(2), 51-3 (Russ). 

Energy balance. 

8 . "Oxidation and Other Losses of Metal during Melting of Alumi¬ 
num and its Alloys in Reverberatory Furnaces , A. Radin, Tr^ 

Mosk. Aviats. T ekhnol. Inst . 1969, No. 70, 53-71 (RusSj. 

Material balance"* plant - data * 

9 "Effect of the Technological Parameters qt Electrolytic 
Aluminum Cells on Electrolyte Temperature 11 , A. Smorodinov, 

Tsvet. Metal . 1972, 45(6), 30-3. 

Energy balance. 

10. "External Keating of the Bottom of a Cathode as a Regulator 

of an Electrolytic Aluminum Cell", G. A - ^ 3^3 

M. Korobov, and N. Grechukhin, Tsvet. Metal, . 1972, 45(2j, -0 3 

(Russ). . , 

Experimental heat losses, commercial cens. 

11. "Heat Losses from Electrolytic Aluminum Cells' 1 , M. Korobov 
and A. Smorodinov, Tsvet. Metal . 1972, M3), 20-3 (Russ). 

Heat losses, theory and plant data. 

12. "Concentration Fields of Alumina in Electrolytes of ^ustnal 
Electrolytic Cells", V. Kryukovskn , P. P ?^ ak ?p’ 2 T T'S * 
and V. Yagodzinskii, Tsvet. Metal, . 1973, ( 8 ), 18-21 (Russ). 

Material balance, source of error. 







































13. 


"Behavior of Calcium in Aluminum Electrolysis-' i tk 
A. Stattavik, and J Abrahams *i ■ y ,2 s ’ Jl Th °n$tad, 
49 ( 10 ), 674-7. a,.emsen. Aluminum (Duesseldorf 1 1973 , 

Ca balance, laboratory and plant data. 


14. 


"Effect of the Service I it* c-. , 

Electrolysis Indicators" ’a n ! : ,et : tro 1 M tlc Cells on Aluminum 
Smorodinov, Tsvet. Jeul ’ 197 t >) ulesh > and A. 

Beat loasi^-jlltri^ 973 - (5 ->' 34 ' 8 <»““)■ 


15. 


L. Reh, Kem^_z na f974,°26(6) mi 336 7^(0 H f t_Saviri S Process", 
Energy balance. ’ 33E ~ 7 (Ger). 


”• sr K" j. c - ^ 

as? h,1ance ' iAI: it i*. 0Perating 


17. 


"Heat Balance and Ther™! i „„ 

Cells", K. Vamazaki and K 111 ? r !? csd Prebaked Anode 
214 (1975), A.I.h.e. K ' A ’ ^ ght Metals Vol. l, PP . 193 . 

Energy balances, heat losses, experimental data. 


C.3.2 ANTIMONY 
1 . 


“Oxidizing Roastina in n„;ji , „ , , 

Antimony Flotation-Conrantrlf 6 " B * d Antimon y and Mercury- 
snd A. Ustinov, Tsvetn Metsf «/^? 0z l 0VSk l 1 ■ V ‘ Til'ga, 
Material baiigrsrTl^ 1 - 36 12 ’ 34 ' 7 09S3). 
installation. arge-scale laboratory-scale 


2, "Design of Industrial 

in Pilot-Plant Installation- by Us1n9 Data Stained 

262-8 (1964). ta " atlorl . V. Holy, Hutnicke Listu afigl 

Energy balances, pilot plant. 


C.3.3 CALCIUM 


1. "Behavior of Calcium in ai - 

A. Stattavik, and J Ab^ha^ E ^ ctro ^ s ) s "= J. Thonstad, 
49(10), 674-7. ' ° rahamser >. Aluminum (Duesseldorf 1 ig 73 , 

Ca .balance, laboratory and plant data. 


C.3.4 CESIUM 


1, "Material and Heat ^ 

Bogolyubov, Fiz -Khii £ S for u Ma ta 11 0 thermic Melts", V. 
Fiz.-Khim. 0 innuT^Bcr 7 ^^^--j^-^I- o k se ssov, Komis, no 


C.3.5 CHROMIUM 


1. "Material ..-and Heat r=i = 

Bogolyubbv, Fik for Meta1 ^thermic Melts", V 

Flz^KhimJs^g^^ 

—-riPJSL_ Stali, SF. statei 1964 TT?Tn 


Energy and material balances. 


C.3.6 COBALT 

1. Extractive Metallurgy of Copper, Nickel and Cobalt . e d. P 
Queneau, A.I.M.E, (lS5lk 

Material and energy data, 

2. "Reductional Electric Smelting of Converter Slags in Nickel 
Production", L. Pimenov and A, Zyazev, Tsvetn. Metal. 38(1 
34-6 (1965) (Russ). 

Energy and material balances, plant data, 

C.3.7 COPPER 

A. Eydrometall urgy * 

1 , Hydrnmetallu rcv of Base Metals , G, Van Arsdale, ed,, Mc&raw- 
Hill Book Co., Inc., pp. 167-262 (1953). 

Material balances for several plants. Discusses copper and 

zinc industries utilizing various processes. 

2. "Process for the Recovery of Copper from-Oxide Copper-Bearing 
Ores by Leaching, Liquid Ion Exchange and Electrowinninq at 
Ranchers Bluebird Mine, Miami, Arizona", A. Miller, in The 
Design of Metal Producing Processes , ed, Kibby, Publ. A.I.M.E., 
Mew York, 1967, 

Design and plant data, 

B, Refining: 

1. "Charge Calculations", Extractive Metallurgy , J. Newton, John 
Wiley and Sons, pp, 333-7 (1959)* 

Calculating charge to yield proper reverberatory slag, 

2. "New Tough Pitch Continuous Copper Melting and Casting Unit at 
Asarco's Perth Amboy Plant", G, Storm and j. Stone, Trans, 
A.I.M.E - 318, 534-91 (I960). _ 

Design features and operating methods, 

3 . “Mathematical Model for Copper Converter Control", J. Foreman, 
International Sympos ium on Statistics, Operations Research and 
Computers, Colorado School of Mines, 431-9 (1964). 

Fundamental equations, process material and energy measur- 

ments. 

4. "Converting of High-Grade Copper Matte", J, Bystron and M. 

Maiusecki/ Rudy Metale Niezelazne 10(6), 314-18 (1965) (Pol). 

Energy balances, theoretical model, plant data. 

5. "The Arizona C'nemcopper Plant - A Chemical Copper Refinery", W. 
Yurko, Met. Soc. Conf . 49, 55-91 (1966) (Publ. 1963). 

Operating data. 

















































C. Smelting: 

]* "Copper Matte Sroel ting: the Influence of Charge Composition upon 
Heat Requirement", G. Evans, Bull. Inst, Mining Met. No. 639, 

201-9 (1960). 

Energy balance, data estimates. 

2. "Cyclone Smelting of Copper-Zinc Concentrates”, P. Myasnikov, 

A, Okunev, and D. Lutokhin. frudy Inst. Eneraet,, Akad. Nauk 
Kazakh. S.5.R. 2 , 274-B4 (195077^ " 

Energy and material balances, review. 

3. "Some Physicochemical Properties of Charges and Products of 
Electric Smelting of Dzhezkazgan Copper Concentrates", V. 
Shchurovski! s V. Vladimirov, G. Gnatyshenko, A. Kurochkin, Y. 
Shchurovskii, N. Adson, and V. Golovko, Izvest. Akad. Nauk 
Kazakh. 5.5.R., 5er. Met., Qbogashchen, i Qgneuporov , 1961, 

No. 1, 8-13. 

Energy balance, experimental data. 

4. "Electric Smelting of Sulphide Ores”, Extractive Metallurgy of 

Cooper, Nickel and Cobalt, ed, by P. Quenaau, A.I.M.E. 252-3 
(1961).' “ 

Energy balance from plant data, 

5. "The Smelting of Copper and Nickel Sulfide Ores and Concen¬ 
trates in the Electric Furnace", 0* Barth, Frslberger 
Forschunqsh . B67, 35-55 (1962). 

Energy balances. 

6. "Stoichiometric and Heat Calculations in the Oxygen Smelting 
of Copper Sulfide Concentrates", F, Egorov, ¥. Sykhovskii, and 
l* Bochkarev, Tsvetn, Metal . 36(10), 30-4 (1963). 

Material and energy balances, theory. 

7. "Design of Industrial Cyclone Reactor by Using Data Obtained in 
Pilot-Plant Installation", V, Holy, Hutnicke listy 4(19), 262-8 
(1964). 

Energy balances, pilot plant, 

8. "Material and Heat Balances of Electric Smelting of Copper- 
Nickel-Sulfide Ores in a 30,000 kv.-amp. Electric Furnace' 1 , 

V, Brovkin, M, Palysaev, Y, Slobodin, and M. Chetvertkov, 
Tsvetn. Metal . 38(12), 34-40 (1965) (Russ). 

Energy and material balances, plant data. 



9. "Copper Blast-Furnace Practice at Union Miniere de Haut- 

Katanga", B. Claus and A. Guebels, Met, Soc. Conf. 39, 93-114 
(1965) (Publ. 1967). 

Operating data. 
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10. "The Development of Flash Smelting Process at Ashico Copper 
Smelter, Furukawa Mining Co., Ltd.", T. Ofcaaoe, T. Kato, and 
K. Hurao,. Het. Soc. Conf . 39, 175-95 (1965) (Publ. 1967). 
Energy and material balances, operating data. 


11. "Mathematical Model of a Metallurgical Conversion Process in 
a Copper Smelter", I. Rabinovich, Tsvet. Metal . 40(3), 46-51 
(1967). 

Material balances, theoretical model. 

U. "Material and Heat Balances of Cu-S Smelting with Air and 

with an Oxygen-Enriched Blast", R. Fel'man, Sb, Nauch. ir.. 

Gos. Nauch.-Issled. Inst. Tsvet. Metal . 1963, No. 29, 66-79. 
Material and energy balances. 

13 "Technical Thermal Parameters of the Reverberatory Process 
Using Oxygen-Enriched Air", Y. Kupryakov, V, Chakhotin, N. 
Artem'ev, V. Galaktionov, and V. Makarov, Tsvet. Metal . 1969, 

42(6), 32-5 (Russ). . 

Energy balance* operating data, 

14 "Operations at Kennecott's Utah Copper Division Smelter 
Reverberatory Department", R. J. Anderson in Copper Metallurgy , 
ed. Ehrlich, publ. A.I.M.E., New York, 1970. 

Complete material and energy balance on reverberatory fur- 

nace. 

15. "Physical Chemistry of ’One-Step' Copper Production fra a 
Chalcopyrite Concentrate", J- Jeffes and C. Dia 2 , Inst. Min ¬ 
ing Met., Trans., Sect. C 1971, 80(March), 1-6. 

Energy balances, review. 

16. The Future of Copper Pyrometallurgy , C. Diaz, Chilean Inst, 
of Mining Eng. (1973). 

Operating data, 

17. "Modern Flash Smelting Technology", A. Lauria and B. Anderson, 
4th BNF Int. Conf. , BNF Metal Technology Center (1974). 

C.3,8 FERROALLOYS 

A, General: 

1. Production of Ferroalloys, 2nd Edition, V. ^tiri. Y. Pavlov, 
B. Levin, and t. Aleksetf. State Scientific ^nd Tech. Publ. 
House for Literature on Ferrous and Conferrous Metallurgy, 
Moscow, 1957: Publ. for NSF by Israel Program for Scientific 
Translations, 1961; available from OTS, Dept, of Commerce, 

WaSh Contains^practical data on material and energy .balances' 
for submerged arc smelting of ferrosil-con, pp. ’ 

f . rrnmsnaa n BS p pn. 121-125; ferrochromium, pp. 185-luu , 
208- 212 fferro tungsten, pp. 238-244; ferromolybdenura, 
dp. 273-280; vanadium (by aluminothermic method),_PP- 
310; (by silicothermic method), pp. 310-318; pig iron, 
pp.’393-404. 

2. Physical Chemistry of Produc tion nr IKp of Alley Additions ,, 

Sd ' Sanv^apers on°f77lSy production’and utilization in¬ 
cluding energy balances and heat eifects or additions. 







































B. Ferroboron: 


' rM^r 1,al ® 3l ® rlce ° f High-Grade Ferroboron Production" N 
ISnl 0 ^ Sb^Tr Ch elyabinsk. Elektronet. XnmV ^ 2 
150-4 .roF ljit. Zh., Met . 19/1. Asstr. Nn avvr, J ’ ,J °: *' 
Plant scale study, 

C, Ferroc hranrtyjn: 

Kh. Kadaraeto^TeoriyrrPrakt^Ket 119 Chp^T™ 

83-6. " y ' aKt - ^ et - ’ C helyabinsk. 5h 1963(6), 

Material balance in a 75D0-kv.- ara p. electric furnace. 

" s-’ssskrs"* ■ 

Kadarwtov, 0. Brikova, Yu. Shiryaev, N. Agarkova R 
££)! ’ ^ V ‘ Tambovt ^, StlT 24(12), 1094-6 (1964) 

Operating data. 

3. "Mass and Energy Balances During Smelting of a Hioh r»w,nn 
Ferrochromium in a Closed (Electric) FurnatP" KhvV \ 

Star 27(8), 707-10 (1967). ' hurnace ’ Kh • Kadarmetov, 

Comprehensive data on plant. 

4. Thermal Operation of Rotary Drum-Type Furnaces for finae+inn 

romnte Charges", V. Sherman, R. Sukhano a T . Uraf S ch 
- n,; m ; !n ^~ 1967 ’ No - 16 » 175-85 (Rusi f UCh ‘" - 

g-Jen and heat balances the Furnace are 

»°P- «i. Prof. Patoi. TsTi rV"T t,. a,l t i ,; P ^r a " k y*. . 
“fej i, s .Miller. S T .. L ” I 3 i*^ S > ’ 

Gig. Tr. Profzabol.: Sverdlovsk. USSR. 

E .sets of furnace hoods on heat losses; quantitative. 

10V241 (truSSJ .- hrom Ref ‘ ^n., Met. 1972TAE?tr. No. 

Plant scale study. Complete balances. 

7 ' *• J ° h " “"■» * Sons, 

Material balance. 

B. Ferromanaane s s: 

'■ - • *• jota * so" S . 

Material balance. 


Ferromo Zyhdenim: 


1. ''Material and Thermal Equilibria of the A1 uminn^i*,w+h ■ 

Smelting of Ferromolybdenum", K. Rispel and L, Klakotina^Trv 
Akad. Nauk SS$R, Metally 1956(3), 34-41 (Russ). ' * — —~ 

Thermal equilibrium determined by measuring actual tempera¬ 
tures of the smelting process. 

F. FeTVortickeZ: 

1 


"Utilization of Nickeliferous Serpentine", Extractive Metallurov 
of Copper, Nickel and Cobalt , ed. P. Queneau, A.I.M.E. (1961 ] 
302-7. 

Material and energy data from test. 

G, Ferro si licochromi urn: 

1, "Material and Thermal Balances of a Heavy-Duty Furnace During 
Smelting of Ferrosi 1 icochromium 11 > G. Belyaev, StaV 1963 > 2S (4) 3 
335-7. 

Plant scale study; detailed material and energy balances. 

H. Ferrosilioon: 


1. "Material and Energy Balances in Making 75% Ferrosilicon in a 
Closed Furnace", Ya. Shchedrovitskii, Stal 1 27(11), 2112-14 
(1967), 

Plant scale study; material and energy balances. 

2. "Sanitary-Engineering Characteristics of Closed Ferroalloy 
Furnaces", P. Alikin, B, Velichkovsk-11, and L, Pokrovskaya , 

Vop. Gio. Pro f. Patoi. Tsvet. Chern. Met . 1971, 207-13 (Russ). 
Edited by Miller, 5. V. Sverdlovsk. Nauch.-Issled. Inst. Gig. 
Tr, Profzabol.: Sverdlovsk, USSR. 

Effects of furnace hoods on heat losses; quantitative, 

3. "Energy Balance of a Furnace During Ferrosilicon Melting", B, 
Semenovich., Stal' 1972, (V), 51-3. 

Plant scale study. 

4 "Material Balances of the Melting of Different Brands of 
Ferrosilicon", I. Volkova, StaV 1973, (12), 1096-3. . 

Plant scale t study; complete material and energy balances. 

5. Electric Smelting Processes , A. Robiette, John Wiley & Sons, 
New York (1973) p. 116 

Material balance for silicon alloys, 

I * Ferrosilicomalcium: 

1. "Material and Heat Balances of a Furnace for Smelting 

Ferrosi 1icocalcium", G. Belyaev, R. Kravchinskii 3 M. Ryss, 

A. Mikulinskii, G. Kozhevnikov, V. Za’iko, A. Pereverzev, V. 
VasiVev, and L. D'yakonova, Tr. Inst. Met., Sverdlovsk 1970 
No, 19j 86-93 (Russ), 

Plant scale study;,-complete material and energy balances. 










































2, "Material and Heat Balance in Furnaces for Melting Calcium 
Ferrosilicon" * M. Ryss* R. Kravchinskii a A. Golev, V, Zaiko, 

V. Vasil’sv, E. Popova, G. Belyaev, V. Gusarov, and 5. Pigasov, 
5b, Tr., Chelyabinsk!. Elektromet, Komb , 1972, No, 3, 66-73. 
(Russ).' From" Ref. Zh.> Met. 19727"Abstr. No. 10V251, 

Plant scale study; complete material and energy balance. 

^ ■ Ferrosili com irooniwru 

1, "Thermal Calculations of the Aluminothermic Smelting of 

Ferrosilicozirconiunf, Yu, Pliner, 5b. Tr. Klyuchevsk. Zavoda 
Ferros pi avov No, 2, 72*8 (1965). Rev, Zh. s Met,, v. 1966, 
Abstract No. 6V154. 

Plant scale calculations. 

K , Fe tto tungsten ; 

1. "Material and Heat Balance in Furnaces for Melting Ferro- 
Tungsten", V. Zaiko, 5b. Tr., Chelyabinsk. Elecktromet. Komb. 
1972, No. 3, 93-100. From Ref. Zh., Met. 1972, Abstr. No., 

10V246. 

Plant scale study; effects of furnace charges on heat 
losses reported, 

L. Sil%amanganeBe : 

1, "Sanitary-Engineering Characteristics of Closed Ferroalloy 
Furnaces' 1 , P. Alikin, B. Vel ichkovski i, and L. Pokrovskaya, 

Vop, Gig. Prof. Fatal- Tsvet. Chern. Met . 1971, 207-13 (Russ). 
Edited by Miller, S. V, Sverdlovsk. Nauch.-Issled, Inst. Gig. 

Tr, Profzabol.: Sverdlovsk. USSR, 

Effects of furnace hoods on heat losses; quantitative. 

C.3,9 IRON, CAST 

1. "Developments in the Melting of Metals for Foundries", The 
British Foundryman , March, 1961, p, 103, 

Detailed material and energy balances of cupola, 

2. "Material Balance and Heat Balance of the Cold-Blast Cupola", 

W, Patterson, H. Siepmann, and H. Pacyna, Intern, Glesserei- 
Kongr. Vortr,> 28, Vienna 1961, 29-52. 

Plant data. Material and heat balances. 

3. Fundamentals of Metal Casting, R. Flinn, Addison-Wesley, 

Reading, Mass., pp. 283-293 (1963). 

Example of mass balance for cupola charge. 

4. "Calculation of Metal, Coke, and Gas Temperature Distributions 
in the Cuoola Furnace 11 , J. Breen, Australasian Inst. Mining Met. 
Proc . No. 208, 25-42 (1963), 

Experimental results on small cupola, 

5. "Thertnochemfcal Model for Computer Prediction of Cupola 
Performance", R. Pehlke, Mod. Castings 44(5), 5SG-7 (1963). 

A thermochemical model. 


6 . 


"Possibility of Dissolving Magnesium in Cast Iron", V. 

Bedarev and” A. Khrapov, izv. Vysshikh Uchebn. Za vedenii, Chern 

Met. 6(12), 171-6 (1963). . 

Plant study of thermal efxect ot Mg addition. 

7 "Thermochemical Model of a Basic Hot-Blast Cupola", R. Shields, 
k! Roessing, and H. Bishop, Met. Soc. Coni . 32, 167-95 (1964) 

Energy'and material balances, operating data. 

8 - E!£ ^‘TaSnos .^^SnSL- Sct 01 480)!"59-63‘ (1965). 

A thermochemical model. 

9 "Compute- Prediction of Cupola Performance Utilizing 0 and 

8 - ,?■ ,;sEl *• Cast1 " 9 ^ 

Technol. Sect. 47(1), 806-12 (1965). 

A thermochemical model. 

10 . "The Performance of a Cupola furnace", L. Bos, MetaliH W). 

^^SeUile^heaflnd mass balances of the melting tests.are 
given, 

“—TnergFbalance, operating data. 

12 . I’when is a Cubic Foot Not a Cubic Foot?" F. Ekman, Mod^t■. 

^ 7 °Hea t ^ bal ances' are' cal cul a ted for blast air, including dust 
loadings. 

13. "Effect of a Blast e f "l.U" ,"5)*)".?™“' 

1971, 23(3), )09-22(Ger). 

Experimental date, 

14. "Material and Heat Balances of blowing ^ na UraU p 0 mekn._ In5t. 

19“z & From 

No. 4V369. . , anr „ nf me lts with flame blowing of - 

5riSn^ ta wlffS«. foremens made in 100-ton 

converters, 

15. "Partial Substitution of Cote^ Natural^ Gas^or ^ _ 

Petroleum Gases in Cas, Iron bmei ^9^ ^ Conf ) ( P _roc 
1973 °(Pub! 'l973U^*IGU/E^32-73, itf pp. (Fr). iS:OuiilH 
^^Operating data on energy requirements. 

















































15. "Petroleum Coke in Cupola", P. Mukherjee and S. Pinge, Met, 

Eng, - ITT (Indian Inst. Technol.) Bomba 1 / 197^-1973^ (Pub" T973) 

- 4, 28-34. 

Material and heat balances are calculated, 

17. "Calculation of Heat Exchange in a Radiation-Preheater", 

A, Ardeleanu, I. Sporea, and H, Gutmayer, Metalurgia 
[Bucharest) 1973, 25(6), 315-18 (Rom). “ 

Heat-transfer and hydrodynamic design calculations are 
given for a cupola furnace air preheater, 

18, "Beat Balance of a Cupola Using Anthracite", C. Kang, Kumsok 

Hakhoe Chi 1974, 12(1), 21-6 (Korean), ~— 

Heat balance calculated with practical operating data. 

C.3,10 IRON, PIG 

A. Gensval: 

1. "Energy Requirements for Iron-Ore Reduction", R. Wild, J. Inst 

Fue^ 34, 381-92 (1961 ). ---" 

she basic ore-reduction reactions are considered with a view 
toward methods to supply the energy deficit when carbonatious 
reducing agents are used, 

2. li Prel iminary Reduction of Fe Sand in a Rotary Furnace. V, Heat 

Balance in the Reduction Furnace", H. Arakawa, Tetsue to Haoane 
51 , 2301-9 (1965). --- " 

3. Blast Furnace: 

1. "Metallurgical Evaluation of Iron Ores of Eastern Siberia", A. 

Pokhvisnev, Razvitie Proizvoditel. Sil Vos took Sibir i, Chernava 
Met., Trudy Konf . 1958, 46-53 (Pub, i960). -- 

Relates ore composition to coke requirements. 

2. "Charge Calculations", Extractive Metallurgy, J. Newton, John 
Wiley & Sons (1959), 383-5, 387-8. 

Calculating blast furnace burden, given .compositions. 

Heat balance sheet of an iron blast furnace. 

3. "Material and Heat Balances of Blast-Furnace Operation with a 
Blow of Reducing Gases", A. Rarrm, Trudy Leningrad, Politekh, 
Inst, im, M. L Kalinina , No. 212,“24-39 (I960), 

Detai1ed equations are given for setting up the material 
and heat balances of blast furnace operations with mixed 
blow. 

4. "Heat Transfer in the Blast Furnace", K. Makhsnek, Trudy Ural, 

Politekh- Inst, im. S. M. Kirova No, 105, 78-89 (I960)’. “ 

Theoretical energy balances by zones. 

5. "Oxygen-Enriched Blast Furnace Operation of Higashida No. 5 
Blast Furnace" 5 K, Tsujihata, K, JCodama, N, Tsuboi, K. Kato, 
and S, Hashimoto, Tetsu to Hagane 46, 955-61 (I960). 


Operating data of the furnace, with an O-enriched blast 
were analyzed. A set of material balances and heat bal¬ 
ances was worked out. 

6. "Predicting Effects of Oxygen, Moisture, and Fuel Additions on 
Blast-Furnace Operation with Electronic Computers", A. Hodge, 
Yearbook An. Iron Steel Inst . I960, 75-106, 

Theoretical heat and material balances. 

7, "Carbon and Heat Consumption in a Blast Furnace. I.'\ T. 
Yatsuzaka, 3. Sawamura, S. Ota, and T. Fukuda, Tetsu to Hagane 
46, 643-52 (1960), 

C consumption and heat distribution in each part of a blast 
furnace were examined. The results were applied to blast 
furnace operation. 

8, "Carbon and Heat Consumption in the Blast Furnaces. II. 
Application of Results", T, Yatsuzaka, J. Sawamura, S. Ota, 
and T, Fukuda, Tetsu to Hagane 46, 741-7 (1960). 

Heat required for control of the Si in pig iron was cal¬ 
culated, Formulas to show .the blast required and the blast 
temperature differential accompanying a 100-kg. increase 
or decrease of charged ore were established. 

9. "Thermochemical Calculations of the Blast-Furnace Process", 

R. Linder, Jernkontorets Ann , 144, 859-967 (1960), 

Theoretical staged heat and material balances used to 
evaluate blast furnace operations, 

10 “Effect of Natural Gas and Oxygen Added During Blowing on the 
Size^of the Combustion Zone and the Temperature of the Hearth, 
of a Forced-Draft Blast Furnace", Y.u. Borisov and L, Tsylev, 
Izvest. Akad. Nauk S.S.5-R., Otdel. Tekh. Nauk, Ket-_j 

T opi 1vo I960, No, 1, 9-20. . 

Analysis of material and thermal balances in the plant 
working with a blast containing air, 0, and natural gas. 

11 "Methods of Making Up Material and Heat Balances for Blast- 
Furnace Smelting", A. Shur, StaV , Sb, State! 1961, 13-23*. 

To improve the accuracy of blast-furnace heat and material 
balances, an analysis of possible sources of error is made 
on the basis of equations given by Ramm -(Material nyi i_ 
Teplobye Balansv Domennoi Piavki, Leningra d, Poiitekhn, 
Inst. 1950, 


12, “Thermal Balance of the Iron Blast Furnace", H. Bell, OMron 
Steel Inst, (London ) 199, 285-7 (1961), 

13. "Thermal Aspects of Blast Furnace Fuel Injection", A. Decker, 
J, Metals 13, 41-4 (1961), 

Heat balances from low-shaft furnace operations. 

U. "Relations Among Heat and Material Balances and Reduction for 
Different Operating Conditions", E. Schuermann and D. BuelWr 

Journees Intern. Siderurnie, 3e» Luxemburg 1562, 89-1 12 \i*ery 
















































15, 


"Fuel-Oil Injection: Comparison of Actual Performance with 
Predictions Hade by Using a Mathematical Model 31 , R. Trense 
and D. Rosborough, Iron Steel Inst , (London) Spec. Rapt . No, 

12 j 53-8 (1963). 

Mathematical model. 

16. "A Critical Analysis of Methods for Blast-Furnace" Heat Balance 
Investigations", N. Makhanek, Forsirovanie Domennoi Plavki , 

Tr« Nauchn, Konf po Tecr. Vonr, Met. Chugnna, Dnepropetrovsk 

1961, 159-68 (Pub. 1963)'. 

Evaluation of heat loss and consumption into heat balances. 

17* "Blast-Furnace Heat Balance in Stages: Development of a Com¬ 
puter Program", J, Ridgion, J, Iron Steel Inst . (London) 200, 
389-94 (1962). 

Theoretical model* 

18* "Thermotechnical Characteristics of Coke-Oven and Blast- 

Furnace Gases", G. Nikolaenko, Tr. Vses, Zaochn, Energ* Inst . 
No, 20, 76-82 (1962) (Russ). 

Simplified formulas are given for the calculation of ther¬ 
mal losses associated with the combustion of coke-oven and 
blast-furnace gases, 

19. "The Application of a Digital Computer to the Calculation of 
Material and Heat Balances in the Blast Furnace' 1 , R. Sevrin, 

0. Iron Steel Inst . (London) 200, 34-6 (1952), 

20. "Calculation of the Heat Balance of 81 ast-Furnace Smelting 1 ', 

N. Makhanek, Izv. Vysshikh Uchebn, Zavedenii, Chernaya Met, 5, 
No, IT, 30-6 (1962). r 

A new way of calculating the heat balance of blast-furnace 
smelting is suggested, in which the actual amounts of heat 
according to the reactions which occur in the furnace are 
considered. 

21* "The Significance of Exergy for the Thermodynamic Study of the 
Blast-Furnace Process", H. Brauer and R. Jeschar, Arch. 
Eisenhuettenw . 34, 9-16 (1963), 

Calculated energy balances on thirty furnaces. 

22. "Automation of Blast Furnaces: Thermal Control by Composition 
of Waste Gases", Ch. Thibaut, Centre Doc. 5iderrurg. s Circ. 
Inform, Tech . 21 (12), 2633-9 (1964) '(Fr)V 

Data for an 11-month run were used, 

23. "Control of Heat Balance of a Blast Furnace", 3. Czernek, 
Hutnicke Llstv 19(11), 769-74 (1964) (Czech). 

The optimum heat balance of the hearth was determined. 

# / 

24. "Fuel Injection Blast Furnaces: Sharon Steel Corporation 11 , 

U. Walsh, Reg. Tech. Meetinqs Am. Iron Steel Inst. 1964, 

Tables show the material balance and operating data. 


25. "Determination of Material and Heat Transfer in the Blast 
Furnace in Two States 11 , B. Marincek, Arch. Eisenhuettenw , 35 
(11), 1029-38 (1954). 

Coke consumption and mass and heat transfer in a modern 
blast furnace were determined mathematically. 

26. "Significance of Heat Balance in Blast-Furnace Operation. I, 
Two-Zone Heat Balance for Blast Furnace Operation with Hot 
Blast", B. Gerstenberg and T. Kootz, Stahl El sen 84(18), 1105- 

20 (1974). . ^ 

The two-zone heat balances of two domestic blast furnaces 
were compared with two foreign furnaces, 

27 "Distribution of Sulfur in a Blast Furnace During Operation 
with a High-Iron Charge". 2. Nekrasov, G, Volovik, and V. ■ 
Pokryshkin, Izv. Vysshikh Uchebn. Zavedenii, Chern. Met . 7(2], 
26-33 (1974). 

Plant data sulfur balance. 

28. "Determination of Oxygen Removal Rate by Heat Balance and ^ 

Waste Gas Analysis in the Reduction of Iron Ore and Sinter , 

£ Schuermann, J. Willems, and G. Sommer, Aren.Eisenhuettenw. 

35(3), 169-71 (1974). 

Calculations showing use of neat balance. 

29. "Calculation of Coke Consumption in the Blast Furnace Based on 
Two-Stage heat. Material, and Reduction Balances. I. Mathe¬ 
matical Relations of Material and Heat Balances of the Blast 
Furnace", E. Schuermann and D. Buelter, Arch. Eisenhuettenw . 
35(6), 475-33 (1964): "II. Effect of Lime on the Reduction 
Process and Coke Consumption of the Blast Furnace , ibv d. 

^Equations are presented for calculating coke and heat 
requirements and for calculating the effect of CaO and 
humidity of the blast on coke consumption. 

30 "Material and Heat Balances of the Cherepovets Plant Blast 
Furnaces", A. Shur, L. Byalyi, and P. Rusakov, Stal_ 25(4), 

301 PI ant"data^shows'a substantial discrepancy in heat balance. 

31 "Study of the Hearth of the Blast Furnace No 1 of the Wendel 
Works in Hayange Saint-Jacques", S Sayegh and R. 5aro, 

Met (Paris) 62(12), 1181-6 (1965) (Fr). . . 

“Heat balance of the hearth of the blast furnace is given. 

32 "Study of Hot Stoves of a 2000-m? Blast Furnace", I. Vas'ka, 

£ Gol'dfarb, M. Kruskal, P. Netrebko, G. Rabinovich, N. Taits, 
T,d I. Fainshtein, StaV 26(9), 781-5 (1966) Russ - ^ 

Pressure and temperature measurements made it 
determine thermal balances and fuel efficiency. 

33. "Theory of Fuel Economy with Air Heating", A. Evdokimen-io, 
Tsvetn. Metal . 39(1 ), 33-7 (1966) (Russ). , bl . f U r- 
' Mathematical analysis of the heat balance o saving 

nace showed that preheating the blast result 







































34. "Test Carried out on B-F 5 at the Rhenon (Providence! Work*' 1 

I. Rsnaurt, Rev. Met . (Paris) 63(10), 765-77 (1966) J ’ 

Plant data. Heat and material balance. 

35. "Thermal Behavior of a Group of Hot Blast Chambers for Highest 

Blast Temperatures in 2- and 3-Chamber Operation"' E Hofmann 
Stahl Eisen 86(24), 1594-1601 (1966). ’ Hotmann > 

Heat baUnces measured and calculated. 

36. "A Dual Graphic Representation of the B-F Mass and Heat 
fl967) eS "’ R1St 3nd N ' MeySSOn ’ — Metals 19(4), SQ-9 

Mathematical model using mass and heat balances. 

37. "Heat Balance for Ironmaking in Experimental Low-Shaft Fur¬ 

nace , S. Prasad and A. Chatterjea, NML (Nat Met 1 ah 
Jamshedpur, India), Tech. 0 . 1969, l'i(4), 68-32. -- 

Comparison of the heat balances of the conventional blast 
furnace and of a low-shaft furnace, based on the opera- 
tional parameters, v 

38. "Thermal Operation of the Lower Part of a Blast Furnace" M 

Laverent’ev, Stal' 1969, 29(2), 105-10 (Russ) ’ ' 

Theoretical analysis of published data. 

39. "Chronological Sequence of the Cooling Losses in the Various 

Zones of a Blast Furnace", F. Hillnhuetter, H. Kister, anc | u 
Pueckoff, Stahl Eisen 1969. 89(23), 1306-9 (Ger). ' 

Operating data on heat losses to cooling water. 

40. "Importance of Thermodynamic Data for Solving Problems in Blast- 

Furnace Production" , M. Stefanovich and S. Sibagatull n Zh 
fJ-Z- Khim . 1970, 44(1 ), 213-15 (Russ). y — 

Some thermodynamic calculations are discussed, knowledqe of 
which is very important for the theoretical development of 
pig-iron production in blast furnaces: errors of 5-20%'can 
be made in the heat balance of the furnace zone where the 
temperature reaches 5850°, by using the rule of additivity 
of the specific heats, because the dependence of the specific 
heats on the chemical state and on the process conditions is 
not yet fully known, and the values of the specific heats 
from the literature are very different, 

41. "Material and Thermal Balances of Blast-Furnace Smeltina with 
Blowing of Pulverized Coal Fuel", A. Akberdin and B. Plastinin 

Khim, - Met. Inst., Akad, Sauk Kaz. SSR 1 972. No. 13, 91-^00 
(kuss). From Ref. Zh., Met. 1972, Abstr. No. 11V123, 

From the heat and material balances of a blast furnace, the 
degree of the gas consumption and the degree of indirect 
reduction were improved by blowing with coal. 

42. "Heat Losses and Thermal Operation of Blast Furances" I 
," ert ^ ln ’ T^ygankov, A. Borodulin, I. Vas'ko K Kruskal anri 

^ ^ '■ I). 


43. 


45. 


Plant study of heat losses to cooling water. Complete heat 
bal ar.ce. 


1 , 


"Measurement of the Efficiency of Preheating of Air Bln^n in 
Blast Furnaces' 1 , P. Sanna, Cent, Dec. Sideruro t c 

Tech. 1973, 30(7-3), 1731-45“--- 0 rm. 

Thermal balance of a Cowper stove. 


44. "Influence of Thermodynamic Factors on the Heat Balance in the 
Bosh and the Hearth of a Blast Furnace 1 ’, R. Benesch and P 
Mandelka, Hutnik 1973, 40(11), 492-7 (Pol). ' ' 

Operating data analyzed. 


"Application of the Material and Energy Balances for Deter¬ 
mining the Effect of Blast Temperature on the Heat Character¬ 
istics of the Blast-Furnace Process", J. Szargut and A Ziebik 
Arch. Hutn . 1974, 19(4), 395-414 (Pol). 

Theoretical material and energy balances. 


C. Electric Smelter: 


Iron Ore Reduction , Proceedings of a Symposium of the Electro- 
thermics and Metallurgy Division of the Electrochemical Society 
held in Chicago, 3-5 May, 1960, ed. R. R, Rogers, Pergamon Press 
Ltd., (1962) p. 107, 248. 

Energy balance of 20 MW electric furnace. Power requirements 
for Strategyc-Udy process compared with conventional. 


"Balance of Energy in Electric Reduction Furnaces", K. Fritzsche 
and R, Sroka, Intern. Electrowaerme-Kongr,, 5, Wiesbaden, Ger, 
1963 (106), 4 pp. 

The difference between the heat balance and electro-heat 
balance in electric reduction furnaces is shown. 


3. "Thermal Balance in an Electric Reduction Furnace for the Pro¬ 
duction of Pig Iron' 1 , E. Scharle, Met, ABM (Ass. Brasil. Metals 
1969, 25(140), 523-31. 

Theoretical calculations. 


4. Electric Smeltinq Processes, A, Robiette, John Wilev & Sons, 
New York (1973) p, 94. 

Heat balance of electric pig iron furnace with kiln pre¬ 
treatment. 


D, 

1 . 


Krupp-Renn: 


"Reduction of Iron Ore in the Rotary Furnace (Krupp Sponge 
Iron Process)", F. Lucke, H. Serbert, and G, Meyer, Stahl 
Eisen 82, 1222-32 (1962). 

jhe material and heat balances of the Krupp process are 
discussed. 


E, 

1 , 


Pyrite Roasting; 


“The Sturzelberger Process", F, Gimenez Blasco, Inst, hierro y. 
acero 13, 242-5 (I960), 



































Heat balance is given. 


2. "Fluid Bed Roasting - Principles and Practice", Extractive 
Metallurgy of Cooper, Ni ckel and Cobalt , ed. P. Queneau, 

A.I.M.E. (1961) 15-277 

Operating data for material balances. 

3 "Design of Industrial Cyclone Reactor by Using Data Obtained 
in Pilot-Plant installation", V. Holy, Hutnicke Listy 4 (19], 
252-8 (1964). 

Energy balances, pilot plant. 

4. "Heat Utilization from the Roasting of.Pyrite in DKSM Furnaces 
(Furnace-Boilers with Two Double-Decked Fluidized Beds)", Ya. 
Korenberg, A. Ternnvskaya, B. Vasil‘ev, V. Anurov, and E. 

Shipov, Khim. Prom . 1968, 44 (6), 466-8 (Russ). 

C.3.11 LEAD 

1. "Comparison of Technological Factors Affecting Balances of Heat 
and Materials in Shaft Smelting of Lead Agglomerates", I. 

Reznik, Byul1. Tsvetnoi Met . 1957, No. 22, 15-23. 

Energy and material balances, plant data. 

2. "Certain Characteristics of Lead Refining in Sulfamic Electro¬ 
lyte. II. Prevention of Decrease of Lead Content in Electro¬ 
lyte", V. Chernenko and M. Loshkarev, Trudy Dnepropetrovsk. 

Khim. - Tekhnol. Inst . 1958, No, 6, 202-7. 

■ Material balance. 

3. "Coke Consumption in Lead Blast Furnaces", F. Johannsen and G, 
VJaechter, Z. Erzbergbau u. Metal 1 huttenw . 14, No. 2, 53-63 
(1961). 

Heat balance, experimental design. 

4. "Testing on Commercial Scale of Processing Altai Polymetallic 
Ores Following the Flow Sheet of Magnitogorsk Combine", I. 
Tsygoda, V. Kazakov, N, Kolesnikov, N. Bryukhanov, A. Burba, 

v V. Sadykov, and A. Pigarev, Tsvetn. Metal . 36(12), 12-15 (1963). 
Material balances, plant data, 

5. "Heat Balance of a Short Rotary Furnace for the Production of 
Pb.“, G. Pungartnik, D. Pavko, and D. Kozelj, Rudarsko-Met. Zb . 
1965 (2), 195-207 (Slovenian). 

Energy and material balances, plant data, 

6. "Lead Smelting Improvements at La Oroya", L, Harris, Met. Soc, 
Conf . 39, 197-223 (1965) (Pub. 1967). 

Energy and material balances, operating data, 

7. "The Boliden lead Process", H. Elvander, Met. Soc. Corf . 39, 
225-45 (1965) (Pub. 1967). 

Energy and material balances, operating data. 


p "Flash Smelting of Lead Concentrates", P. Bryk, R. Malmstrom, 

8 ' and E Sol^Wls 18 (12), 1298-302 (1966). 

Heat balance. 

o "Simultaneous Reduction of Metal Oxides by Gases", W, Ptak and 
9 ' » Kauk. Akad. Gorn. - Hutn., Cracow, Met 

Odlew, 1973, No, 50,77-30 (Pol). . 

-Energy and mass balances, theoretical model. 

10. "Heat Conservation ^ Zinc and Lead Extraction and Refining", 

S Woods, Metals & Materials 1974, 8(3), 1-7-.. 

Suggestions for conserving energy. 

n "Design of Industrial Cyclone Reactor by Using Data Obtained 
U - iS Pilot Plant Installation", V. Holy, Hutmcke Lis ted?), 
262-8 (1964). 

Energy balances, pilot plant. 

C.3.12 MAGNESIUM 

1959, No. 2, 61-4. 

Material balance. 

2. mra Balance SDld 

J uX. A. Tatakin, anO A. Svalov, Hye®, 

Metal. 38(7), 62-6 (1965) (Russ). 

“Energy balance, plant data. 

*• snKWK 

62-4. 

Energy balance, plant data. 

Metal. 1972, (8), 48-50 (Russ). 

Heat losses, review. 

5. "Material Balance of u C °e M (^) e bova( * 3 4 S 6 7 Yu n ' Ryabokhin, E. 

s^s. rr—5 l. — 

“• ‘“ o9 - 

Material balances, plant data. 

6. "Heat Losses fro. an Electrolytio Hagnesj* g"\ 

v. Devyatking, R. Usenov, and A. Chesnoxov, --- 

(7), 36-7 (Russ). 

Heat losses. 


C,3.13 MERCURY 





































1. "Heat Balance in the Production of Mercury in Rotary Furnaces" 

F. Pavlin and N. Medved, Rud. Met. Zb . 1966 [2), 195-202 
(Slovenian), 

Heat balance. 

2. "Oxidizing Roasting in Fluidized Bed of Antimony and Mercury- 
Antimony .Flotation-Concentrate 71 , A. Rozlovskii, V, Til'ga, and 
A. Ustinov, Is vein. Metal . 36(12), 34-7 (1963), 

Large-scale laboratory-scale installation; material balance. 

C.3.14 MOLYBDENUM 

1. "Calculations for Furnaces for Fluidized-Bed Roasting 11 , A, 
Zelikman and G. Vol'dman, Tsvetn. Metal . 37(5), 23-9 (1964). 

Heat balance of a furnace operating on Mo sulfide, 

2. "Calculation of the Heat Balance of a Furnace for Chlorinating 

a Scheel ite-Molybd&nite Intermediate Product 11 , V. Kremnev, 0, 
Krichevskaya, and P, Yakovlev, Tr. Proekt. Nauch.-Issled, Inst. 
"Gipronikel" (Gos. Inst. Froekt: Predpr. Nikelevoi Prom, } 1369, 
No, 42 s 63-7 (Russ). ~ " 

C.3.15 NICKEL 

1. "Material and Heat Balances of Electric Ore-Smelting Furnace 
at *Pechenganikel 1 Combine", Ya. Osipov, G. Talovikov, Ya. 
Serebryannyi, and V, Sudar.kina, Tsvetnye Metally 33, No. 10, 

35-8 (1960). 

Material and heat balances, plant data. 

2. "Utilization of Nickeliferous Serpentine", Extractive Metallurgy 
of Copper, Nickel and Cobalt, ed. P. Queneau, A.I.M.E.V (1961) 
302-7, 

Material and energy data from test, 

3. "The Smelting of Copper and Nickel Sulfide Ores and Concen¬ 
trates in the Electric Furnace", O. Barth, Freiberqer 
Forschunosh . B67, 35-55 (1962). 

Energy balances. 

4. "Cyclone Smelting of Nickel Concentrates", R. Khmel 1 nitskii, 
Tsiklonnye Plavil'nye Energo-Tekhnol, Protessy, Tr. Nauchn.- 
Tekhn. Soveshch., Frovedennogo Mask. Energ. Inst . 1962, 111-20 
iPub. 1963). 

Energy balance, laboratory experiments. 

5. "Direct Production of Metallic Nickel from the Liquid Interme¬ 
diate Sulfide Product of Matte Converting", A. Gkunev, P. 
Kusakin, N, Vatolin, B. Kolmogorov, and L, Zamorin, Tr. Inst. 
Met., flkad. Nauk SSSR, UraVsk. Filial No, 8, 75-32 '(1963), 

Energy balance, laboratory experiment. 

f- "Heat Balance in Shaft-Furnace Smelting of Nickel Sinter with 
Oxygen-Enriched Blast and Hot Blast", 1. Reznik and M. 
Kruglyakova, Tsvetn, Metal . 37(7), 33-9 (1964) (Russ). 

Energy balance, plant data. 


7. "Reductions] Electric Smelting of Converter Slags in Nickel 
Production", L. Pimenov and A. Zyazev, Tsvetn Metal 38fl ) 

34-6 (1965) (Russ). ' V 

Energy and material balances, plant data. 

8. "Replacing of Coke by Natural Gas in the Shaft-Furnace Smelting 

of Oxidized Nickel Ores", I. Reznik and A. Evdokimenko Tsvetn 
Metal . 38(7}, 35-40 (1965) (Russ). J ^ — 

Energy balance, theoretical model. 

9. "Material and Heat Balances of Electric Smelting of Copper- 

Nickel Sulfide Ores in a 30,000 kv.-amp. Electric Furnace", V. 
Brovkin, M. Palysaev, Yu. Slobodin, and M. Chetvertkov, Tsvetn 
Metal . 38(12), 34-40 (1965) (Russ). ‘ “ 

Energy and material balances, plant data, 

10, "Thermal Constraints on the Segregation of Nickel from Lateritic 
Ores", J. Warner, R. Sridhar, and H, Bakker, Nickel Sagrecat!on 
Proc. Panel Discuss. 1972 (Pub. 1973), 241-64. Edited by A. Dor 
A.I.M.E.: New York, N.Y. 

Calculations end laboratory tests. 

11. "Modern Flash Smelting Technology 11 , A. Lauria and B. Anderson, 
4th BNF Int. Corf . (1974), BNF Metal Technology Center. 

C.3.16 NIOBIUM 

1. "Material and Heat Balances for Metal To thermic Melts 11 , V. 

Bogolyubov, Flz.-Khlm. Qsnovy Met. Protesessov, Komis, po. Fiz,- 
Khim. Qsnovaro Froisz. Stali, 5b, Statei 1954, 72-6, 

Energy and material balances, 

C.3.17 PHOSPHOROUS 

1, Electric Smelting Processes , A. Robiette, John Wiley £ Sons, 

New York, (1973) p. 269. 

Material balance of elemental phosphorous, 

C.3,18 SODIUM 

1. "Thermal Balance of Sodium Electrolyzers and Effective Use of 
the Results 11 , I. Veneraki, Izv. Vyssh. Ucheb. Zaved., Energ . 
1971, 14(2), 64-7. 

.Plant scale study of heat losses. 

C.3.19 STAINLESS STEEL 

1. "Metallic Oxidation in Chromium Steel Melting', D. Hilty, G. 
Healy and W, Crafts, Trans. A.I.M.E. 197 , (1953), p. 649. 

Material balance on chromium in Appendix. 

2. (Article on Development of Chromium Oxidation Model), G. Healy; 
AJ.M.E. Electric Furnace Conf. Proceedings , 1958, 16, 0- 252.^ 

Includes details of heat balance development based on actuas 
furnace data. 







































3. “Calculation Method and Results of Material Balance in Smelting 
of Steel 1KhlSN9T", £. Kadi nov, A. Rabinovich, and S, Khitrik, 
Izvest. Vysshikh Ucheb. Zavedenii, Chernaya Met. 1961. No 8 
56-71. 

4. ''Material Balance of Titanium During Electromelting of Stain¬ 
less Steel", V. Kamardin, £. Kadinov, and E. Mosbfcevich, Izv. 
Vysshikih Uchebn, Zavedenii, Chern, Met, 9(6}, 80-7 (1966) (Russ). 

Material balances of two heats were made. Total nonrever- 
sible losses of Ti were determined, 

5. "Material Balance of Titanium During Electromelting of Stain¬ 
less Steel", V. Kamardin, E. Kadinov, and E. Moshkevich, Izv. 
Vyssh. Ucheb. Zaved., Chern. Met . 1968, 11(6), 57-9 (Russ~T 

Plant scale study. Material balance on Ti only, 

C.3.2G STEEL 
A, General: 

1. M The Effect of the Various Steelmaking Processes on the Energy 

Balances of Integrated Iron and Steelworks 11 , W. Walker, J. Iron 
Steel Inst , (London) 200, 349 (1962). “ 

A review of the Institute's Special Report No. 71. 

2, "Material Balances in an Integrated Steel Plant", J. Irvin 
Stanford Univ, Fubl., Univ. Ser., Geol. Sci , 9(1}, 237-53 (1964). 

Theoretical material balances. 

Development of Fuel-Energy Principles and the Efficiency of 

Fuel Lise in Ferrous Metallurgy, N. Kalita. Kiev: Navkova Dumka 

U965) 266 pp. 

Fuel efficiency. 

4, "Energy of Typical Raw Materials and Products of the Iron and 
Steel Industry", J. Szargut, Neue Huette 10(5), 266-75 (1965) 
(Ger). 

Formulas are derived for calculating the energy balances of 
Fe and steel melting processes, 

5, "Application of Energy Balances in Iron and Steel Works", R. 
Jeschar and R, Goergen, Stahl El sen 85(12), 724-30 (1965) (Ger), 

The results of thermal and of energy balances made on soak¬ 
ing pits, arc-melting furnaces, open hearths, and blast 
furnaces are compared to determine in which cases the ther¬ 
mal balance is sufficient to evaluate the performance of a 
furnace and when the additional energy balance is needed. 

The exergy concept is reviewed briefly. 

"Importance of Material and Heat in Steel Processing, dtili- 
° f Scrap,r * T - Ko °Tz, Freiberqer Forschunqsh 1063, 5-21 

A review with 17 references. 


6 , 


7. "Development of a Continuous Melt-Down Process 11 , H. langharmer 
and H. Geek. Stahl Eisen 1972, 92(11), 501-18 (Ger/Fr). 

B, Ajax Process: 

1. "Energy Requirements of the Ajax Steel-Making Process", A, 
Jackson and S. Brooks, J. Inst. Fuel 33, 58G-4 (I960), 

Discussion of thermal efficiency and general performance. 

C, Bessemer Process: 

1. "Material and Heat Balances of the,Bessemer Process 11 , L. 

Tsykin, Sh, Bektursunov, G. Rekhlis, M, Kuznetsov, D. UVyanov, 
G. Oiks, and-V. Yavoiskii, 5b. Nauchn, Tr, Zhdanovsk, Met. Inst, 
1961, No. 7, 95-107. 

On the basis of plant data, the material and heat balances 
of seven heats were compared. 

D, BOF Process: 

1. "Iron Balance In Oxygen Top-Blowing Process 11 , 5, Lifshits, 

Stal 1 21, 109-12 (161). 

Material balances of several heats of a basic top-blown 
26-ton vessel, a 275-ton open-hearth furnace, and a 19-ton 
bottom-blown acid vessel are given in detail, 

Z. "Fuel and Power Required for Making Steel in the ID (Linz- 
Donawitz) Process", K. Rosner and F. Dobrowsky, J. Inst. Fuel 
34, 3-7 (1961), 

A heat balance is presented. 

3. "Oxygen Steelmaking Processes. Controlled Heat Balance in the 
LD Process", R, Rinesch, J, Metals 14, 497-501 (1962). 

4. "Energy Balances for the Open-Hearth Process with and without 
0, and for the LDAC and LD Processes with Waste-Heat Boilers", 
R. Asp!and and P. Tidy, Iron Steel Inst . (London) Spec. Rept . 
No, 71, 4-23 (1962). 

Breakdowns of thermal balance are given in detail. 

5. "Energy Balances for LD (Linz-Donawitz), Kaldo, and Oxy/Steam 

Processes", A, Raper, A. Collinson, and 5. Desai, Iron Steel 
Inst, (London) Spec. Rept, No. 71, 24-44 (1962). _ L 

Heat balances are illustrated graphically by Sankey dia¬ 
grams, materials requirements for the plants are presented 
as flow sheets, 

6. "Comparison of Material Balances of Oxygen Converter and Large- 
Sized Siemens Martin Furnace with the Use of Oxygen 1, , N. 
Korkoshko, G. Kolganov, Yu, Krivchenko, and V. Servetnik, 

Stall 23 (9), 788-91 (1963) (Russ). 


11 Steelmakino Heat Potentialities Point ■.oward Conrinucus rro 
cessing", G, Alexandrovsky, 0. Metals 15 (S), 585-92 (1963). 
Theoretical calculations, ■- 


































"Material and Heat Balance in Blowing Basic Bessemer Pig Iron 
by the LDAC Process in a 50-ton Converter"- H. Voigt and G. 

Mahn, Stahl Eisen 84(18), 1120-S (1964). 

Plant data used. 

"Development of Nomograms for the Calculation of Amount of Addi¬ 
tives During the Smelting of Converter Steel \ S. Zaikov, B. 
Nikiforov, V. Koval, and P. Rubinskii, Met 1 Gornorudn, Prom, , 
Inform. Nauchn, - Tekhn. Sb . 1965(4) s 25-9 (Russ). 

An average heat balance of 0 converter smelting is shown. 

''Material and Heat Balances in Oxygen Converters 1 ’, A. Kranjc, 

Met. ABM (Assoc. Brasil Metals ) 22 (107), 815-23 (1966). 

The substitution of scrap iron for pig iron was studied. 

Heat losses were examined and the results plotted. 

‘'Operating Performance and Improvements to Membrane Hoods for 
Basic Oxygen Furnaces 11 , T. Hurst, Iron Steel Eng. 43(12), 101-7 

(1966). -^ 

"Partial heat recovery from a simple hood gives a better 
return on capital investment than full heat recovery from a 
hood followed by a complete waste-heat boiler unit, 

"Material and Heat Balances of an Oxygen Conversion Melt", V. 
KochOj L. Paizanskti, Yu. Reshetnyak, and B, Boichenko, Izv. 
Vysshikh Uchebn. Zavedenil, Chern. Met . 9(8), 50-5 (19661 
(Russ), ~ . " ' “ 

Pig iron {27.9 tons) was introduced into the converter and 
blown to a steel. Material and heat balances were calcula¬ 
ted for the whole operation as well as for the following 
four periods: D to 2 min. 15 sec.; 2 min, 15 sec. to 7 min,; 

7 to 10 min.; 10 to 17 min, 

"Consumption of Coolants (Scrap, Ore, Sinter) During the 
Oxygen Converter Process and Evaluation of the Influence of 
Various Factors on it", V. Romenets and S, Kremenevskii* Sb,, 
Mask. Inst. Stall Sglavov 1969, No. 55, 91-107 (Russ). 

Based on industrial experience, total heat balance was 
established. 

“Use of Top Gas Analysis for Predicting Metal Carbon Levels", 

E- Bicknese, Proc. s Nat. Open Hearth, Basic Oxygen Steel Conf, 

1970 (Pub, 1971), 53, 172-81. 

Studies were carried out on a commercial vessel. 

"Material and Heat Balances of 140-ton Oxygen-Converter Melts", 

F, Zarvin, V. Maron, A. Nikolaev, Yu. Nikitin, and B. SeVskii, 
jzv. Vyssh, Ucheb. Azved., Chern. Met . 1970, 13(10), 44-7 (Russ). 
Energy and material balances, operating data. 

"Procedures for Improving the Heat Balance of Pure-Oxygen 
Converters", C. Roederer, Cent. Doc. Siderurg., Circ. Inform. 
T^h . 1970, 27(12) 2669-88 (Fr). _ ~ 

Energy balance, scrap preheating. 


17. "Mathematical Model for the Calculation of the Load, and Appli¬ 
cation to the Control, of a Large Scale Oxygen Converter", G, 
Bozza, A. Cecere, B. Costa, G. Violi, Met. Ital . 1971, 53(11), 
569-76 (Ital), 

Material and energy balances, operating data, model for control 

IS, "Technological Features During the Conversion of Pig Iron with 
Varying Manganese Content", V. Didkovskii, Met. Koksoknim 1971, 
No. 25, 23-7. 

Material balance on converter for yield and Mn recovery. 

19. "Utilization of Heat of Converter Gases", V. Bondarenko, F. 

Belin, I. Gritsyuk, and M. Rimer, Prom. Energ . 1972, (6), 36- 
40 (Russ). 

Waste heat in 0 steel converters was utilized. 

20. SOF Steelmaking Vol. 4, Chpt. 13, ed. R. Pehlke et.al, A.I.M.E. 

(1975). . j 

Energy and material balances, operating data, 

21 "Heat and Material Balances", G. Healy, Chapter in Basic 0xyoen 
Steelmaking , ed. R. Pehlke, Pub. A.I.M.E., New York, (1975). 
Example of development of balances, 

E, Electric Arc Process : 

1. Electric Meftinq and Smelting Pr actice , A. Robiette, Charles 
Griffin and Co.~ Ltd., London, 1955, pp. 39-40, 

Heat balance in arc furnace, 

2 "Energy Balances for Electric-Arc Processes", G. Ovens, Lron 
Steel Inst. (London) Spec. Rept . No. 71, 45-51 (1962). 

A hypothetical energy balance, 

3. "Electrical Aspects of Arc Furnaces 11 , K, Kukan, Iron and Steel 
Engr . , 40, Oct., 1963 P. 137, t 

—Tnergy requirements for steel as function of furnace size. 

4 "Energy Balance in the Arc Furnace", Electric Furnace Steely 
making, Volume II, Chpt. 19, Ed. C. Sims, A.I.M.E. (1963) pp. 
283-315. 

5. "Materials Usage Optimization in Electric Furnaoa Steel Pro¬ 
duction", B. Bernacchi, Metals Eng. Quart . 4(4), 57-62 (1^-,- 

Solution of material balance by linear programing. 

6. "Losses of Tungsten During the Production of High-Speed Steel", 
A. Stroqanov, Yu. Pyl’nev, E. Chernyshev, N. Kens, V. Pakuieva, 
I, Donets, Yu. Kholodov, and F. Germelin, Metal!urg)(Moscow) 

1971, 16(1), 21-3 (Russ). 

Material balance on W. Plant, seal e_ scuty. 





































7. Electric Melting Practice > A. Robiette, Griffin £ Co, Ltd., 
London, 1972, pp. 89-91. 

Heat balance'for 120-ton arc furnace, 

8. "Energy Balances for Conventional Versus Pretreated Smelting- of 
Pig Iron in Electric furnace" 9 S. Ghorpade, Trans. Indian Inst. 
Metals 1972, 25(4), 103-11/ 

Energy balances, theoretical and operating data. 

F. Eleatro a lag Re f ining: 

1. “Examination of Electrode-Change Practice in Electroslag Melt¬ 
ing", R. Jackson, J. Vac, Sci. TechnoK 1972, 9(6) s 1301-5. 

Unsteady-state energy balance. 

2. "Thermal Characteristics of the Electroslag Process", A, 

Mitchell and S. Joshi, Met. Trans . 1973, 4(3), 631-42. 

Energy balance, laboratory model. 

G. Kaldo Process; 

1. “Fuel and Energy Required for the Manufacture of Steel by the 
Kaldo Process' 1 , F. Johansson and B. (Calling, J. Inst. Fuel 34, 
172-6 (1961 ). ““ 

H. Ladle Treatments: 

I. "Preliminary Refining of High Phosphorus Iron in the Ladle 
with the Aid of Oxygen", I. Zaitsev and V, Kovraiskii, Byuli . 
Nauch. - Tekh, Inform,, Ukr, Nauch - Issledovatel. Inst. Metal . 

1958, No. 5, 29-41. “ " 

Energy balance. 

2. "Change of Metal Temperature During Deoxidation and. Alloying 
(of Steel)", R. Savel'eva, Sb. Nauch. Tr,, Manitogorsk . 

Gornomet. Inst . 1972, No. 115, 31-7. From Ref, Zh,, Met, 1973, 
Abstr. No. 3V356, 

Effect of alloying additions on metal temperature reported. 

I- LWS Process; 

1 # Oxygen Bottom Blowing by the LWS Process", P. Leroy, iron & 

Steel Eng . 1972, 49(10), 51-5, 

Heat balance for 30-ton vessel. 

J ■ Open-Hearth Process; 

1. “Material and Heat Balances of Meltings in Open-Hearth Furnaces", 
I, Kobeza and Yu. Kiselev, Voprosy Proizvodstva Stall, Akad. 

Nauk Ukr. 5.S.R., Otdel. Tekh. Nauk 1958, No. 6, 20-6. 

Effect of roof materials on heat losses. 

2. “Use of^Oxygen in the Open-Hearth Furnace and its Effect on the 

Heat Utilization 11 , L, Efimov, Freiberoer Forsohunqsh, 408, 5-24 
CT959), v - 

Energy balance, operating data. 


3. "Calculation of Heat Absorption by the Charge of the Open- 

Hearth Furnace by Means of a Reverse Heat Balance on the 
Working Space", A. Voitov, Shornik Trudov Tsentral, Nauch. - 
IssTedovatel. Inst. Chernoi Met , Mo. 21, 256-80 (I960. “ 

4. "Use of Forsterite Checkers", F. Volovik, P. Gershtein, V, 
Zelenskii and A. Poyarkov, Stal‘ 20, 125-7 (19600. 

The reduction of thermal efficiency of the open-hearth 
checkers is produced by the divergence of the travel of 
gases and air in the checkers and not by the forsterite use, 

5. "Use of a Computer for Controlling Thermal Balance of-Open- 
Hearth Furnaces 11 , M. Korobko and V. Artynskii, Stal* 20, 

981-4 (I960). 

Data collected in application to a 430-ton open-hearth 
furnace, 

6 "Study of Charge Melting in Open-Hearth Furnaces with Various 
Methods of Oxygen Delivery", K. Trubetskov, V. KornfeVd, E. 
Grekov, A. Voitov, L. Shteinberg, and G. Lomtetidze, Stal' 21, 
214-21 {1961}, 

7 "Fuel and Energy Required for Steel making in the Open-Hearth 
Furnace", R. Mayoress and I, McGregor, J. Inst, Fuel 34, 153-6 
(1961). 

Material, 0, and heat balances are presented. 

r Steelmakinq: The Chipman Conference, Proceedings of the Con- 
ference on the Physical Chemistry and Technology of Steel¬ 
making, The M.I,T. Press, Cambridge, Mass., June 1962, pp. 244, 
245 

Heat Balances for several open-hearth practices. Approxi- 
mate high-temperature heat balances, hot metal to tap period 

9 "Heat Balances of a Recuperative Recirculation Furance", G. 
Demin and A. Pluzhnikov, Izv. Vysshikh Uchebn. Zavedemn 
Chernaya Met, 5, No. 9, 188-92 (1962) * 

Heat balances in tabular form. 

10. "Material Balance of Scrap-Ore Process 11 , V. Grigor'ev, V. 

Lu 2 gin, E. Abrosimov, V. Orlov, V. Yavoiskii, G. Gurskn, I. 
Goncharov, and P. Starkov, Izy. V.ysshikh Uvhebn. Zavedenn^ 
Chernaya Met. 5, Ho. 5, 63-8(1962). ~ , 

■-Completematerial balance was performed with 15 melts in a 

185-ton open-hearth furnace, 

11. “Heat Generation in Steel Melting Baths of 500-ton.Open-Hearth 
Furnaces During Mel ting", M. Glinkov and E. 5 tul pin, Izv. 
Vysshikh Ucheb n. Zavedenii, Chern. Met , 6(11) s 223-9 

PI antedate, Heat balances. 

12. "Thermotechnical Investigation of Open-Hearth Furnaces”, 0. _ 

Pavko and B. Sicherl, Rudarsko-Met. Zborni k 1963(2), ^U-u. 

Experimental results. 








































13 * V? Th ™ he «i“l Approach to Prediction of Open Hearth 
267-93 0964)'(P°b° S -]956K' A1 tltnQre » ^ ■ Soc . C onf. 32, 

Energy and material balances, error analysis, operating data. 

14 ‘ i 6a »lL°S en 'n? arth Pr0cess °P e ^tsd With Gas or Gas Producer" 
(1964J A VarS2, Hlerro AcerD 17(91 ), 229-52; [93], 399-432 

Study of charge and thermal balance. 

15. ''Thermal and Economic Indexes of the Open-Hearth Furnace nnerat 
(1964)^ PUrS ° XySen1 ’’ Ri Goer 9 en > Stahl Eisen 84fS). 350-6? 
Thermal balances are discussed. 

16 ' Open-Hearth'"process’’ 1 *'? 3 S-" e,t ’*" s ^fod 1" the Scr.p-Ore 
Vvsshith brhlk 7 ’.T-Sabiriyanov and E. Abrosimov, i 2v . 

^ . sshikh UJi- . bn. Zavede nn , Chern. Met . 8(1}, 26-31 (1965T 

ba, ““ S " re Ca, “ UM “e basis 

17 ' i)xvnen" nd v 0x p 9en B ? lances of an Open-Hearth Furnace Blown with 
S 9 , ’ P ° 9 °relyi, ti. Korkoshko, H. Babenyshev, E Grekov 

and L Shteinberg Stall 26(2), 120-3 (1966) (Russ). ° 1 

riant data analyzed * 

18, Obtaining Data on the Progress of an Open Hearth Heat" A 

26(7) Tsoi-S (1966)"(Russ) .^° 3enk0 ’ S ' K “hakho„eh, W 
bllaicr involved in de velopment of time-dependent heat 

IS. Heat Absorption by the Bath and Thermal Efficiency of Verv 
0967}° P arth Furnaces "> N - Korneva, Stal^27(2}, 7 78-80 
Heat balances on full-scale furnaces. 

20 ' ASect^of^nerl 0 ^- 0 ^ FLJ ™ aces Vl ' ewed from Thermodyr.ainic 
1969, 24(12)"1967-7^ C1SnC ' y ’ B ' Stjep0V1 ' C ’ Jg-hnika (Belgrade ! 
Energy balance, operating data, 

21 ’ EurraSs" B k la ? Ce h°; t Pr °u eSS in Two ‘ Bath and Open-Hearth 
i/ M , 7.^’ J ru £stskoY* V. Tarasov, I. Konovalov, A Alymov 

Sb "Srll'i *(, 7at ysnshchlkov, V. Chizhova, and V, Yakisbir 

h .1 illl!?}' N! " 1Ch - l5SleJ - '"it hb.cn M., ,970, NO. “SI 

Fe losses determined by plant experiments. 

Z2 ' pnrlnr ial a T u Heat 6alances of Open-Hearth Melting", Ah 

(Russ'}^ and M ' Che]yadin ’ Met. Koksokhim . 1970, No. 20, 60-4 

Energy and material balances . 
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23 ' a Ur T 9 the ^utomatic Control of an Ooen- 

I Se^ikin Met y rrr ^V y n tem Litvinov ’ L - GoVbers, and 

i. bemikin, Met. Gornorud, Prom . 197C, (41 S-l 1 (Rue el 

Energy balance, control model. J ’ k^uss J. 

24 ' H«Sh t FuIni«“° S | °r V9en T the Heat Balance Of an Open- 
pfant ™tl ,; a ?,zS 9 ' SaikiiMn 1570, 90(9), 958-60. 

“• g?rHjtr f eT r at; ,w ^ ^ ■ 9th u - s - «*'. 

General open-hearth heat balance. 

26. "Thermal Operation of a 600-tan Open-Hearth Furnace", V. 
G r ankovskii s V. Maidek, V. Pereloma, and L. Pyradkin, Izv 
Vyssh. Ucheb. Zaved., Chern. Met . 1971, 14(3}, 150-1 (Russ)", 
Energy and material balances, operating data. 

^ a OpE^ation or an Open-Hearth Furnace During .Intensive Oxygen 
blowing Through the Bath", V. Grankovskii, B. Yupko, P. 
Shchastnyi, E, Shvets, Metal!uro (Moscow ! 1971, 16(1), 18-21 
(Russ), ~— 

Energy and material balances, plant data, 

28. "Accumulation of Heat by the Brickwork of an Open-Hearth Fur¬ 

nace Chamber During Melting”, I, Zavarova, L. Lomakin, M. 
Gordon, Izv. Vyssh. Ucheb. Zaved., Chern. Met.. 1 q71. 1A(R)_ 
157-62 (Russ). — " ‘ --— 

Analog simulation. 

29. "Investigations by Radioisotope Tracers of the Behavior of 
Chromium During the Melting of 082X Steel in an Open-Hearth 
Furnace", Z. Bazaniak and J. Michalik, Hutnik 1971 , 38(5), 

240-5 (Pol), - 

Material balance on Cr. Plant scale study, 

30. "Desulfurization of 0-H Steel", G, Kamyshev, Stal 1 1972, (9), 

806-7, —— 

Sulfur balance from plant date. 

31. "Scrap-Oxygen Process, a Mew Technology of Open Hearth Steel - 
making”, J. Miko, Banyasz. Kohasz. Lapok, Kohasz, 1973, 106(1), 
29-34 (Hung), 

Heat and 0 balances are giver, for experiments in 250 and 
500 ton furnaces, ■- 

K. Tandem Procsss: 

1. "Importance of the Tandem Process", Z, Boehn, Met. ABM (Ass. 
Brasil, Metals) 1972, 28(172), 171-80 (Port), 

Material balances, plant data^ 


2. 


'Heat arsd Temperature Regimes of a Two-Bath Steelmaking Fur- 
nace”, V. Antipin, N. Ivanov, V. Conran, A, Blokhin, N. 
Bazhenov, A, Sergeev, Yu, Snegirev, G. Zakharov, K. Nosov, 







































et a 1 izv. Vyssh. Ucheb. Zaved., Chern. Met . 1973, (7), 41 -5 
[Russ]. 

Heat balances for each chamber of a 2-bath steel-melting 
furnace. Material balances were used for calculating the 
heat balances. . 


C.3,21 TIN 

1 , "Electrolytic Refining of Crude Tin Containing Heavy Metals 15 , 
N. Golikov, Tsvetn. Metal . 35, No, 2, 40-3 (j%2). 

Material balances, plant data. 


C.3.Z2 TITANIUM 

1. "Heat Balance of an Electric Shaft Furnace", N. Gall'tskii, 

Titan i ego Splavy, Akad . Nauk SSSR, Inst, Met . 1961, No. 5, 
254-66. 

Energy balances, plant data. 

2. "Thermal Balance of Electric Shaft Furnace and Condensing System 

Used in Chlorination of Titanium-Bearing Slags", N. Galitskii, 

Tr., Vses. Nauchn,-Issled. A1 vumin.-Magnievyi Inst . 1962 (48), 

132-9. 

Energy balance. 

3. "Material and Heat Balances for Metallothermic Kelts", V, 

Bogolyubov, Fiz.-Khim. Osnovy Met. Protsessov, Komis, po Fiz.- 
Khlm. Qsnovam Proizv. Stall, 5b. Statei 1964, 72-6, 

Energy and material balances. 

4. "Electrolytic Refining of Industrial Titanium Alloy Wastes 11 , Yu. 

Olesov, V. Ustinov, A, Rubtsov, and A. Suchkov, Tsvetn. Metal , 
39(5), 69-72 (1966) (Russ), 

A material balance of electrolysis is given, 

5. "Material and Heat Balances in the Operation of a Furnace for 

Melting Titanium Slags", L. Lekalova, Tsvet. Metal , 40(5), 69- 
72 (1967), 

Energy and material balances, plant data. 

C.3,23 VANADIUM 

1, "Material and. Heat Balances for Metallothermic Melts", V, 

Bogolyubov, Fiz.-Khim. Osnovy Met. Protsessov, Komis, po Fiz.- 
Khim. Qsnovam Proisz, Stall» Sb. Statei 1964, 72-6. 

Energy and material balances. 

C.3,24 ZINC 

1, Hydrometallurgy of Base Metals , G. Van Arsdale, ed., McGraw-Hill 
Book Co., Inc.i 1953, pp, 167-262, 

Material balances for several plants. Discusses copper and 
zinc industries utilizing various processes. 

2. "Cyclone Smelting of Copper-Zinc Concentrates", P, Myasnikov., 

A. Okunev, and D. Lutokhin, Trudy Inst. Enerqet., Akad. Nauk 


Kazakh. S.S.R , 2, 274-84 (1960). 

Energy and material balances, review. 

3. "Electrothermal Method for Making Zinc Dust", L, Rabicheva, B. 

SIonimskii , V, Lazarev, E. Alyushin, and 6, Poletaev, Sb_;_ 

Nauchn, Tr. Gos. Nauchn.-Issled. Inst. Tsvetn. Metal. No. 18, 
165-74 (1961 ). 

Energy balance, plant data. 

4, "Testing on Commercial Scale of Processing Altai Polymetallic 

Ores Following the.Flow Sheet of Magnitogorsk Combine", I, 

Tsygoda, V. Kazakov, N. Kolesnikov, N. Bryukhanov, A, Burba, 

V. Ssdykov, and A. Pigarev, Tsvetn. Metal . 36(12)> 12-15 (1963). 
Material balances, plant data, 

5 "Design of Industrial Cyclone Reactor by Using Data. Obtained in 

Pilot-Plant Installation", V, Holy, Hutnlcke Listy 4(19), 262-8 
(1964) * 

Energy balances, pilot plant. 

6 "Mathematical Model of Metallurgical Conversion Processes in a 

Copper Smelter * * 3 4 5 * * * * * 11 , I. Rabinovich, Tsvet. Metal . 40(3}, 46-51 (1967-:) 
Material balances, theoretical model. 

7 "Material and Heat Balances of FTuidized-Bed Reactor -for Zinc 

1 nectrolysis in Kosovska Mitrovica", Z. Popovic and V. Sekulovic, 
Metalurcija fSisa k, Yugoslavia! 1971, 10(1), 19-27 Croat). 

■—The main features of the Kosovska Mitrovica electrolysis 

plant, including the material and heat balances, are presented. 

8 "Heat Balance of Zinc Furnaces and Effect of Blast Oxygen- 
8 ' Enrichment on the E.cett H«t of the Bed" V Z.rtov, l. 

Pakhomov I Tsarev, T, Tsenkov, Sb. Nauch . Tr. Gos. Naucn^ 
,«i°rinU. j 5 y e t: Metal . 1971. NoT 32. 109-17 (Huss)" 

Energy balance- 

9 "Simultaneous Reduction of Metal Oxides by Gases , VL Ptak and 

M Sukiennik, Zesz. Nauk. Akad. Gor n.-Hutn^Jracow, Met. Odlew ^ 

1973, No. 50, TT^rTPoTT 

Energy and mass balances, theoretical model. 

10 "Heat Conservation in Zinc and Lead Extraction and Refining", 5. 
Woods, Metals & Materials 1974, 8(3), 187-9. 

Suggestions for conserving energy, 

C.3.25 ZIRCONIUM 

1. "Material and Heat Balances for Metallothemic Melts", V. _ 
Eocolyubov, Fiz.-Khim. Osn ovy Met Protsessov, Korns, 

Vhl m ncnnvam Pr oisz. Stall, Sb. Statei 1954, 72-6. 

Energy and material balances. 

C.4 NQNMETALLIC MATERIALS PRODUCTION 


.€.4,1 CEMENT 















































The Technology of Cement and Concrete . Volume I, Concrete 
Materials, R. Blanks and H. Kennedy, Wiley Publishers ngsM 
pp. 129-137, 138-147. ; 

Material balance for four*component Portland Cement. Heat 
balance for burning of Portland cement. 

"Calculation of the Heat Consumption of Coke-Fired Cement Shaft 
Kilns", F. Llnhoff, Zemerst-Kal k-Gips 12. 1 51-4 (19591 
Energy balance, ^ 

"Thermal Efficiency of Rotary Cement Kilns and the Composition 
of the Escape Gases", A. Bloda, Cemento y Hormicon (Barcelona) 

27, 4-17, 56-70, 237 (1959). -“- ~ 1 

Energy and material balances, plant data. 

"Principles of the Thermophysics of the Cement Shaft Kiln" H 
Eigen, Zercent-Kalk-Gips 13. 458-66 (I960). 

Energy balance. 

"Progress in the Utilization of Waste Heat from Dry-Process 
Kilns", G. Ruppert, Zement-Kalk-Gips 13, 366-75 (I960). 

Energy consumption, plant data. 

"Scientific and Process Engineering Problems in the Calcination 
of Portland Cement Clinker from Quicklime", J. Wuhrer Zement- 

Kalk-Gips 13, 181-92 (1960). -— 

Energy balance, plant data, 

"The Influence of Clinker Precooling in the Rotary Kiln on the 
Heat Consumption", H. Eigen, Zement-Kalk-Gips 13, 226-9 (1960). 
Energy balance. 

"Double or Single Air Percolation in the Grate Cooler of the 
Wet Cement. Kiln with 32£ HoO in the Sludge", H. Eigen, Tonind - 
Ztg. u. keram. Rundschau 85, 230-1 (1961). '— 

Energy balance. 

"Wrong and Right Applications of Heat-Consumption Formulas for 
the Cement Shaft and Rotary Kilns", H. Eigen, Tonind.-Ztq. u 

Keram. Rundshau 85. 334-8 (1961). ——- 

Energy balance, 

"A Horizontal Reciprocating Grate (Clinker) Cooler", I. Chereo 
I s 27, No. 1, 14-18 (1961). 

Energy balance, industrial clinker cooler. 

"The Heat Consumption of. Shaft and Rotary Kilns", A. Pluss, 
Zement-Kalk-Gios 14. 297-305 (1951 ). 

Heat Consumption. 

"Thermophysics of the Wet Portland Cement Rotary Kiln", H. 

El 9 en * Radex Rundschau 195K 529-35. 

Heat consumption.. 


13. "Differential Thermal Analysis as Apoli^rf c* ^ 

Efficiency of Kilns", V. Ramachandra^and iT of Thermal 
Ceram. Soc . 42, 96 (1961 ). H ‘ Ma J UI ^ar, J. Am. 


"■ .TScWuas's'cSS!; „ 

365 - 77 ' 379 - 82 (,96z >- 

Mathematical treatment. 


15. 


n The Heat Economy of Cement Burning 11 , h. Eioen inning ?’■ 
Keram, Rundschau 36, 37-43 (1962).' 5 ’ 


Heat consumption. 


16 . 


!, A Mathematical Model of a Rotary Cement Kiln" I WppIcc 
C olo. School Mines 59(4), 493-503 (1964). 

Energy and material balances, mathematical model for 


Quart. ' 
control. 




the Hoffmann Kiln M , 
Ceram. 17(1), 18-21 




Energy balance data. 


M. Kakol, VJ. Nowak, and R. Sobanski. Szklo 
(1966) (Pol). * 


18. "The Utilization of Waste Heat in Rotary Cement Kilns 11 , H. 

Huckauf* Sillkattechnik 17(3), 69-75 (1966) (Ger). 1 

In the rotary cement kiln discussed as an example of the 
dry process,it is estimated that it takes 1328 kcal/kg, of 
clinker if no waste heat recovery is attempted. The possi¬ 
bility of using the waste heat again at some place in the 
cement-burning process is studied. 


19, "Heat Losses Through the Walls of Short Dry-Process Rotary Kilns 
with Preheaters"* D. Optiz, Zem,-Kalk-Gi PS 20(0. 177-85 (1967) 
(Ger). 

Heat lasses. 


20, "Thermotechnical Means in Development of a Highly Efficient 
Method for Production of Fused Cement Clinker", A. Klyuchnikov, 
Yu. Kazanskii, V. Khokhlov, V. Shelud L ko s and Z. Entin, Izv, 
Vyssh. U.cheb, Zaved., Energ . 10(4), 76-81 {1967) (Russ), 

Theoretical calculations. 

21. "He at Balance System for Rotary Kilns in the Cement Industry 11 * 
G. Bornschein, Silikattechnik 18(3), 69-71 (1967) (Ger). 

Energy balance. 


22. “Mechanical and Thermophysical Properties of (Cement) Raw 
Materials", A. Malyshev, Tsement 1968, 34(2), 5-7 (Russ). 

Clinker thermal and mechanical data. 

23. "Application of Digital Computers for the Evaluation of Indus¬ 
trial Thermal Measurements", J, Novak, M, Vrestalova, V, 
Stefkova 3 Stayiyo 1970, 48(1 ), 9-10 (Czech). 

Energy and material balances* theoretical model. 













































?4 “Combustion and Heat Transfer in Rotary Cement Kilns", P. 

Sunavala, J, Mines, Metals Fuels 1971, 19(2}, 43-52. 

Energy and material balances, plant data. 

25 ‘'Comparative Technical and Economic Analysis of Dry Met nods for 
Clinker Production in Kilns with External Heat Exchangers Oper¬ 
ating on the Principles of Heat Transfer Between Gases and Raw 
Material Suspended in Exhaust Gases"* K. Cic’non and S. Scieranski, 
Biul• Inform., Osrodek Inform. Te ch. Ekon, t Inst. Frzerru _ 
Wiazacych Mater, Budowlanych, Krakow 1971, Me. 6, 131 pp. (Pol). 
Heat consumption and losses, review. 

26, "Thermal Balance for Industrial Kilns. II. Kilns»Combustion 
and Firina. Crude Baking, Installations, Heat and Material 
Balances, Conclusions,”, J. de Assumpcao Santos, Cem.-Hormigon 
1971 s 42(443), 119-33 (Span). 

Energy and material balances, plant data, 

27 IL Pyzel Process for Cement Clinker Burning", G. Schroth, Zem v - 
Kalk-Gips 1971, 24(12), 571-3 (Ger). 

Energy and material balances, plant data. 

28. "Monitoring the Rotary Furnace Operation Using Some Gas-Phase 
Characteristics’ 1 , G* Yal'berg and A. Glozman, Tsement 1974, 

} (8), 17-18 (Russ), 

Energy balance. 

| C.4.2 GLASS AND CERAMICS 

1. Ceramics, Industrial Processing and Testing , J. Jones and M. 
Berard, The Iowa State University Press, Ames, Iowa (1972) 

pp. 120-122. . . 

Material balance for determing batch composition of a 
typical ceramic. 

2. The Handbook of Glass Manufacture , Volume A, F, Tooley, Books 
for the Industry s Inc., New York (1974). 

General equations for calculating heat losses from furnaces, 
pp. 240-242. Heat balance on a continuous regenerative 
furnace, pp, 242-246. Total energy balance applied to 
fluids, pp, 192-210. 

C.4.3 LIME 

1. "New Knowledge with Regard to the Coke-Fired Lime Shaft Kiln , 

H, Eigen, Zement-Kalk-Gips 12, 509-15 (1959). 

Heat consumption. 

2. "Heat Losses with the Volatile Substances in Lime-Burning Shaft 
Kilns", N. Tabunshchikov, Khim. Prom . 1950, 425-6. 

Heat losses. 



"Limestone Burning in a Vertical Lime Kiln with Addition of 
Auxiliary Gas 11 , H. Eigen, Tonind.-Ztg. Keram. Rundscahu 86, 

333-9(1962). 

Energy balance, plant data. 


dif-j. rvrlo^e Development Improves Yield oi Chemical Lime , M. 
Shafe?'and K Brandt, Ze-»kMkHl» 53 <'l), 0«<) 

(Ger). 

Energy balance. 


^i n for Burning Limestone", H. Hofer, 

r he c.“"l)l "j f 36 "- 1 — ^.ant-K,n-Si»i. 54(a). 395-403 (1965) 

(Ger). 

Energy balance. 


- , th a Utilization of Heat in Lime 

"Possibilities of Increas9 ^25-7 (1966), 

Mins 11 , 0. Gabriel, Staviyo 44(9),,3zb / uwo/. 

Energy balances. 


"Modifications of the Combustion ^^^^Tsv^Torbav^^PeeJ, 
-Tn5: (Sofia) 380), 33.7 0 966) (Bul 9 ). 
Heat and matirTaTbalances, plant data. 


"Waste-Heat Boiler Behind a Line Kiln", V. Kuyanskii, Still 
1969 Installation"involving two rotary «J« 

^ndicSlgldvantSs^rusing boilers in connection with 
ki 1 ns. 


"Heat Balance of Carbonate-Burning ^p^^and its Effect on 
of the.Recuperation of s Cernocft, Zb^Ved^-^ 

Fuel Saving and Output Raisi 
Sk. Tech. Kosiciach 1972, 73 W Uio; 

Energy balance, plant data. 


"Burning of Crushed L«stora In . Suspensien",, 6. ***»""■ 


"Use of Heat in Lime-Burning K ]^4, 0 {i 1)7 24-6 {Ross). 
Tabunshchi kov, StrovUjiater- 13/“. l 
Heat losses. 


N. 






































Index 


Absolute pressure (see Pressure) 
Absolute temperature (see Temper¬ 
ature) 

Acceleration, unit of, 3 N 

Acceleration of gravity, 4 
mean value for, 4 
Adiabatic flame temperature, 272 
for metallothermic 
reduction, 284 
Agglomeration, 318 
Air, density of, 23 
Amount of substance, 19, 23, 37 
of a compound, 39 
symbol for, 2, 23 
unit of, 2, 23 
Ampere, definition of, 31 
symbol, 2 

Analysis of gases, dry basis, 

27, 28, 54 
.wet basis, 27, 28 
of flue gas [orsat analysis), 

54 

of ideal gas mixture, 48 
relative humidity, 29 
Analysis of liquids, 24 
Analysis of slurries, 30 
Analysis of solids, 24, 51 
Analytical techniques (see 
chemical analysis, techni¬ 
ques for) 

Area, conversion factors for, 11 
unit of, 4 

Asperating pyrometer (see Pyro¬ 
meter) 

Asperating tnemocouples (see 
Temperature) 

Atmosphere, conversion factors 
for, 20 

definition of,.19 
the standard, *19 
Atomic absorption analysis (see 
Chemical analysis, techni¬ 
ques for) 


4 

Atomic mass, 37 

of the elements, 38, 40 
scale (see Atomic mass scale) 
unit of (see Atomic mass 
unit) 

Atomic mass scale, 37, 61 

Atomic mass unit, 22, 37 
symbol for, 22, 37 

Atomic percentage (see Percent¬ 
age) 

Atomic weight (see Atomic mass) 

Atomic weight unit (see Atomic 
mass unit) 

Avagadro f s number, 22 


Balancing chemical equations, 42 
with oxidation and reduction f 
57, 61 

Basic oxygen furnace, energy 
balance for, 262 
material balance for, 165 
Basis, for energy balance, 135 
for batch processes, 137 
for material balance, 135 
Batch process, 136 
basis for, 137 
law of conservation of mass 
for, 135 

Belt weighers (see Scales) 
Beneficiation, energy require¬ 
ments for, 349 

Blast furnace, critical tempera¬ 
ture, 309 

energy balance for, 311 
energy requirements for, 

330, 351 
mass flows, 312 
pinch point, 317 
Reinhardt diagram for, 317 
schematic 'representation 
of, 277 


staged heat balances for, 314 
thermal reserve zone in, 317 
thermochemical model for, 323 
Boundary, 183 
British thermal unit, 11 
Bulk density, 97 

C 

Calorie, 11 
Calorific power, 255 
Capacitance (see Electric capaci¬ 
tance) 

Celsius temperature (see Temp¬ 
erature) 

Charge (see Electric charge) 
Chemical analysis (see Analysis) 
Chemical analysis, techniques for 
atomic absorption spectro¬ 
scopy, 129 
chromatography, 131 
emission spectroscopy, 125 
infrared analysis, 132 
x-ray diffraction, 125 
x-ray fluorescence, 129 
forms of sample for, 125 
range of applicability of, 124 
time for, 125 

Chemical equation, the, 42, 61 
balancing of, 42 
balancing with oxidation and 
reduction, 57, 61 
interpretation of, 42, 48 
Ch roira tog r aphy [see Che mi c al 
analysis, techniques for) 
Clapeyron equation .(see Claussius- 
Clapeyron equation) 
Claussius-Ciapeyron equation, 237 
Coking, energy requirements for, 
330 

Cold cathode gauges [see Pressure) 
Combustion, adiabatic flame 
temperature during, 272 
calorific power of fuel 
during, 255 
excess reactant in, 52 
material balances for, 170 
Components, determination of 
number of, 157 
Composition (see Analysis) 
Concentration (see also Analysis), 
23, 24 

Conductance (see Electric conduc¬ 
tance) 


Conservation, law of 
of electrons, 57 
of energy (see first law of 
the rmo dy n ami c s) 
of mass (matter), 42, 61, 135 
batch processes, 136 
general form of, 135 
restrictions on, 137 
steady-state processes, 135 
Conversion, 55 
Conversion efficiency, 55 
Conversion equations, 16 
for pressure scales, 18 
for temperature scales, 16 
Conversion factors, 8 
tables of, 11, 

Copper refining, energy require¬ 
ments for, 345 
Coulomb, the, 2 
Counter current decantation, 
mass balance for, 174 
Crane weighers' (see Scales) 
Critical temperature, 309 
Current (see Electric current) 
Current efficiency (see 
Electric current) 

-* . - * 

D 

Dalton's Law, 48 
Day, conversion factors for the 
unit, 11 

usage of the unit, S 
Degree Celsius (see also Temper¬ 
ature) , 15 

Degree Fahrenheit (see also 
Temperature), 15 

Degree Rankine (see also Temper¬ 
ature) , 17 

Degree of completion, 55 
Degrees of freedom, determinatio 
of, 

for a mass balance, 158 
for an energy balance, 321, 
322 

Density, 23 

bulk (see Bulk density) 
conversion factors for, 11 
measurement of, 96 

for granular solids, 96 

for liquids, 96 

for slurries* 96, 101 
















nuclear density gauges, 99 
of air, 24 
of water, 23 
symbol for, 23 
units of , 3 

Determinants (see Sets of equa¬ 
tions) 

Dew point, 29 
Differentialsi exact, 197 
of thermodynamic proper¬ 
ties , 188 

of non- thermodynamic proper¬ 
ties , 188 ^ 

Dimension, 1 
Dimensional equation, 10 
D1sappearing-fi1ament pyrometer 
(see Pyrometer) 

E 

Effective current (see Electric 
current) 

Effective voltage (see Electric 
potential) 

Efficiency, conversion (see Con¬ 
version efficiency) 
current (see Electric current) 
energy (see Energy efficiency) 
of reaction, 55 
Electric arc furnaces, 290 
energy balance for, 296 
maximum temperature in, 294 
optimum current for, 293 
optimum power factor for, 293 
power factor for, 291 
power input levels for, 297 
ultra-high powe r, 294 
Electric capacitance, 3 
Electric charge, 32 
unit of, 3, 32 
Electric conductance, 3 
Electric current, 32 
effective, 288 
efficiency in an electro¬ 
chemical cell, 302 
in an ac circuit, 288 
r.m.s, value of, 288 
sign convention for, 31 
units for, 2, 31 
Electric energy (see Electrical 
energy) 

Electric potential, 32 
effective, 293 
units for, 3, 32, 33 
Electric potential difference 
(see ^Electric potential) ' 


Electric power, 297 

fuel equivalent of, 344 
conversion to thermal 
energy, 288 

Electrical-energy (see also 
Electric power) 
fuel equivalent of, 344 
in an ac circuit, 28 8 
in a dc circuit, 288 
in an energy balance, 287 
Electrical impedance (see Impe¬ 
dance) 

Electrical inductance (see In¬ 
ductance) 

Electrical resistance, 3, 32 
Electrical resistivity, 33 
Electricity, quantity of, 2, 32 
Electrochemistry, definition 
of, 302 

Electrochemical reactions, 302 
Electrolytic cell, 303 

current efficiency in, 310 
Electromagnetic flowmeters 
(see Flow rate, -measure¬ 
ment of) 

Electromotive force, 2 
.Electrons, conservation of (see 
Conservation, law of) 
Electroslag remelting furnaces 
energy balance for, 299 
heat losses in, 299 
Emission spectroscopy (see 
Chemical analysis, techni¬ 
ques for) 

Endothermic, definition of, 165 
Energy, conservation of (see 
First law of thermodyna¬ 
mics) 

conversion factors for, 11 
in transit, 186 
internal, 193 
kinetic, 4, 186 
potential, 5, 166 
specific, 3 
total, 186, 193- 
units of, 2 

Energy balance (see also Heat 
balance), 67, 247 
basis for, 136 
bibliography of, 523 
electrical energy in, 287 
degrees of freedom, 323 
errors in, 76 

for basic oxygen furnace, 262 
for blast furnace, 311 „ 


for electric arc furnace, 294, 

295 

for electroslag remelting 
furnace, 299 

for induction melting fur¬ 
naces , 301 

for integrated steel mill, 

271 

improving accuracy of, 73 
system for, 183 
Energy efficiency, 296 
Energy quality, 261, 311, 314 
in blast furnace, 317 
in continuous processes, 317 
Energy requirements (see Parti¬ 
cular process) 

Enthalpy (see also Enthalpy 
increment) 
definition of, 194 
differential of, 198 
reference point for, 196 
standard change of #■ 213 
sources of data (see 
'Enthalpy data) 

Enthalpy change (see also Enthalpy 
increment, sources of) 
for a change of phase (see 
also Latent heat), 202 
for a cyclical process (see 
also Hess 1 Law), 227 
for a reaction (see also 

Heat of formation and Heat 
of reaction), 206 
for mixing (see also Heat 
of mixing), 210 
Enthalpy data, sources of, 213 
list of data compilations, 

213 

from thermodynamic relation- . 
ships, 227 

Cl aus s ius-Clapeyron 

equation, 237 
free energy data, 237 
Gibbs-Duhem equation, 238 
Gibb s-HeImho1t z equ ation, 
237 

Kirkoff f 5 Law, 228 
Maxwell relationship, 235 
Enthalpy increment (see also 
Latent heat) 

for changing pressure, 23^ 
for changing pressure and 
temperature 

for changing temperature, ^00 

Errors (see also Measurements) 


maximum, 73 
probable, 71 

propogation of maximum, 73 
prorogation of probable, 75 
Exact differential, 197 
Excess reactant, 51 

in a combustion reaction, 53 
Exothermic, definition of, 185 
Extensive property, definition 
of, 184 


Fahrenheit temperature (see 
Temperature) 

Faraday's Law,.111 
Filled-system thermometer (see 
Temperature) 

First law of thermodynamics, 
185, 186 

equivalence to heat balance, 
~251 

for a closed system, 191 
for a closed system at 
constant pressure, 194 
for an isolated system, 190 
for a metallurgical pro¬ 
cess, 196 

for an open system'at 
constant pressure, 196 
for the general case, 189 
Flow mass of gases (see Flow 
rate, measurement of) 

Flow nozzles (see Flow rate, 
measurement of) 

Flow rate 

conversion factors for, 12 
Flow rate, measurement of 
accuracy .of, 111 
flow totalizers, HO 
head meters, 115 

liquid-sealed gas-meters, 
110 

magnetic flow meters, 113 
orifice plates, 118 
pitot tubes, 114 
rotameters, 113 
rotary valve meters, HO 
rotating disk meters, 110 
swirlmeters. 111 
variable area meters, 1H 
variable head meters, 1-4 
velocity meters, 114 
venturi meters, 118 
vortex meters, 1H 













Flow totalizers (see also 

Flow rate; measurement of) 
liquid-sealed gas meters, 

110 

rotary valve meters, 110 
rotating disk meters, 110 
swirlmeters, 110 
vortex meters , 111 ^ 

Flow work; calculation of, 188 
Flue gas analysis F 54 
Fluid flow, measurement of 
(see Flow rate, measure¬ 
ment of) 

Foot, the , 11 

Force, calculation of r 3 

conversion factors for, 12 
units of, 2-4 
Formula weight (see Gram- 
Formula-Weight) 

Frequency, 2 

Fuel, calorific power of, 

255 

equivalence to electric 
energy, 344 

gross heating value of, 

311 

material fuel equivalent, 
343 

net heating value of, 255, 
311 

process fuel equivalent, 

343 

G 

Gallon, the, 14 
Galvanic cells, 302 
Gases, analysis of (see 
Analysis) 

flow rate of (see Flow 
rate, measurement of] 
Gaussian elimination (see 
Sets of equations) 

Gibbs-Duhem equation (see 

also Enthalpy data, sources 
of), 238 

Gibbs-Kelmholtz equation (see 
also Enthalpy data, sources 
of), 237 
Grain, the, 27 
Gr am-a tom,' the P 3 7 
Gram-equivalent, 37 

use in balancing redox 
reactions, 60 

Gram-equivalent Weight, 60 
Gram-formula-weight, 40, 

41, 61 


Gram-mole (see also amount of 
substance), 23, 37 
Gram*"molecular- 1 weight, 39 
Granular solids," density of 

(see Density, measurement of) 
Gravity, acceleration of (see 
Acceleration of gravity) 

Gross heating value (see Fuel] 


Head (see Metallostatic head) 

Head meters (see also Flow 
rate, measurement of), 115 
accuracy of, 117 
discharge factor for, 118 
sizing of, 117 
types of 

flow nozzles, 118 
orifice, plate, 115, 118 
pitot tubes 
venturi meter, 118 

Heat (see also Energy), 186 
conversion factors for, 11 
sign convention for, 188 
the unit of, 2 

Heat balance (see also Energy 
balance]., 248 

algorithm for setting up, 251 
equivalence to first law of 
thermodynamics, 251 
for adiabatic system, 272 
for blast furnace, 311, 314 
for integrated steelmill, 271 
for pelletizing, 318 
for pre-heat furnaces, 255, 
258 

for recuperators, 258 
mathematical formulation 
of, 250 

reference temperature of, 

248, 254 

representation of, 249, 

258, 269 

Sankey diagram of, 257 
sign convention for, 

249-251 
staged, 309 

Heat capacity (see also 
Specific heat), 199 
of mixtures, 212 
of solutions, 212 
- ,Heat content [see also 

Enthalpy increment), 195 , 

202 

Heat flux, 190 


Heat loss 

ir. adiabatic system 
Heat of formation, 206 
of pure elements, 209 
Heat of mixing, 209 

Gibb s-Duhem e qua tion, 238 
of elements in iron, 264 
Heat of reaction, 206 
Heat transfer coefficient, 272 
units of, 3 
Hertz, the, 2 
Hess 1 Law, 208 
Hopper weighers (see Scales) 
Horsepower, the, 13 
Hot filament gauges (see 
Pressure) 

Hour, the,9,14 
Hundredweight, the, 12 


Ideal gas constant, 45 
Ideal gas law, 45, 61 

applicability of in metallur¬ 
gical processes, 45 
deviation from, 46 
for mixtures, 47, 61 
Ill-conditioning (see Sets of 
equations) 

Impedance, 28S 
Impedance diagram, 2S8 
Inch, the, 13 
Inductance, 28B 

in arc furnaces, 291 
Induction melting furnaces,299 
efficiency of, 301 
energy balance for, 301 
infiltrate air, calculation 
Of, 256 

infrared analysis (see Chemical 
analysis, techniques for) 
Intensive property, 184 
Internal energy (see Energy), 
186, 187 

equivalence to total 
energy, 192, 193 
International practical 
temperature .scale, 13 
International system of units, 
1, 9, 32 

fundamental units of, 1, 2 
prefixes of units in, 7, 9 
rules of style for, 9 
Integrated steelmill, flowsheet 
for, 157 

energy balance for, 271 
mass balance for, 270 


Inverted bell (see Pressure) 
Ionization vacuum gauges (see 
Pressure) 

Ironmaking (see also Blast 
furnace) 

energy requirements for, 330 

J 

Joule, the, 2 


Kelvin, the, 2 , 15 
Ke Ivin t emp e r a ture (see 
Temperature] 

Kilogram , 2 

Kilogram-mo1e, 23 

Kinetic energy, calculation of, 

5, 186 

co n tribution to tot a1 
energy f 186, 193 
of system, 186 
Kirkoff's Law (see also 
Kirkoffs square and 
Enthalpy data, sources 
of), 127 

Kirkoff's square (see also 
Kirkoff's Law), 128 
Koppis Law (see also Heat 
capacity), 212 

Latent heat, 203 

from Claussius-Clapeyron 
equation, 237 

of first order transformation, 
203 

of second order transfor¬ 
mation, 203 

Law of Conservation (see 
Conservation, law of) 

Length, unit of, 2 

conversion factors for, 2 
Limiting reactant, 51 
Liquids, analysis of (see 
Analysis) 

density of (see Density, 
measurement of) 
flow rate of (see Flow rate, 

measurement of) 

Liquid-sealed gas meters (se- 
Flow rate, measurement of) p 
110 

Liter (see Litre) 

Litre, the, 9 . Q 

allowable prefixes for,-J 
conversion factors for, 1 
















Magnetic flowmeters Csss Plow 
rate, measurement of) 

Magnetic separation, mass 
balance for, 137 
Manometer (see Pressure) 

Mass, conservation of {see 
Conservation, law of) 
conversion factors for, 12 s 
measurement of (see Scales) 
units of, 2 

Mass balance, algorithm for 
setting up, 156 
basis for, 135 
bibliography of, 523 
degrees of freedom for, 157 
evaluation of errors in, 76 
for basic oxygen furnace, 

164 

for blast furnace, 312 
for combustion, 170 
for counter-current 
decantation, 174 
for integrated steelmill, 

270 

for magnetic separation, 137 
for non-reacting system, 137 
for sinter plant, 177 
improving accuracy of, 73 
purpose of, 67 
representation of, 177 
system for, 156 
Mass density (see Density) 

Mass flow rate (see Flow rate) 
Material balance (see Mass 
balance) 

Material fuel equivalent, 343 
Matrix, augme n te d, 147 
conditioning, 150 
inversion {see Sets of 
equations) 

turing tt-condition number 
for, 151 

von Neumann P-condition 
number for, 151 
Matrix algebra, A-l 
Maximum error (see Errors) 
Maxwell relationships (see 
Enthalpy data, sources of) 

M—condition number, turing 
(see Matrix) 

McLeod gauges'(see Pressure) 
Mean [see Measurements) 

Mean specific heat (see 
Specific heat) 


Measurements 

Gaussian distribution of, 39 
maximum error of, 73 
mean value of, "67 
mode of, 68 

normal distribution of, 6B 
probable error of, 71 
propagation of error in, 73 
residual of, 67 
standard deviation of, 70 
true mean of, 68 
Metallostatic head, 22 
Metaliothermic reduction, 234 
Meter (see Metre) 

Metre, the, 1,2,9 

conversion factors for, 11 
Mineral processing, energy re¬ 
quirements for, 345 
Mining, energy requirements 
for, 345 
Minute, the, 14 
Mode (see Me a s ureme nt s) 

Molar heat capacity (see also 
Specific heat) , 199 
Molar specific heat (see also 
Specific heat) , 199 
Mole, the, (see also Amount 

of substance), 2, 22, 23 
of a compound, 39 
Mole fraction, 25 

conversion to weight fraction, 
25 

relationship to partial 
pressure, 48 
Mole percentage, 25 

conversion to weight percen¬ 
tage, 25 

equivalence to volume percen¬ 
tage, 25 

Molecular formula, 39 

«of materials not made of 
molecules , 39 
Molecular mass, 22, 37 
calculation of, 39 
of non^molecular materials, 

39 

Molecular weight, 37, 39 
Molecule, 39 

N 

N- c o nd i t lor. numbs r , turi n g 
[see Matrix) 

Net heat value of fuel (see 
Fuel) 

Newton, the, 2 

Non-5I units, usage of, 9 


11 


Nuclear density gauges (see 
Density) 

Number of independent equations, 
322 

for mass and energy balances, 
323 


Ohm, the, 3, 32 

Optical pyrometers {see Pyrome¬ 
ters) 

Orrifice plate {see Flow rate, 
measurement of) 

Or sat analysis, 54 
Ounce, the, 3, 12, 13. 

Oxidation, 57 

in electrochemical cells, 302 
Oxida tion-re due tion, 57 

balancing equations with, 

57, 61 

Oxidizing agent, 58 

p 

Part per million, the, 24 
Partial pressure, 47 
of moisture, 29 
relationship to mole frac¬ 
tion, 48 

relationship to total 
pressure, 48 

Partitioning (see Sets of 
equations) 

Pascal, the, 2 
p-condition number, Von 
Neumann (see Matrix) 
Pelletizing, energy balance 
for, 319 

energy requirements for, 330 
SanXey diagram for, 320 
Percentage (see Mole percen¬ 
tage and Weight percentage) 
Periodic Table, 40 
Pinch point for blast furnace, 
317 

Pint, the, 13 

Pirani gauges (see Pressure) 
Pitot tube (see Headmeuers) 
Platform weighers (see 
Scales) 

Potential, electric (see 
Electric potential) 
Potential difference (see 
Electric potential) 
Potential energy (see also 
.Energy), 6, 186 
of a system, 186 


Pound-force, the, 3 

conversion factors for, 
Pound-mass, the, 3 

conversion factors for, 13 
Pound-mole, the, 23 
Power, 190, 2B7 

conversion factors for, 13 
in ac circuit, 2SS 
in dc circuit, 283 
unit of, 2, 13 
Power, electric (see Power 
and Electric power) 

Power consumption measurement, 
290 

for three-phase current, 290 
Power factor, 2BS 

in arc furnaces 290, 292, 297 
Precedence ordering (see Sets 
of equations) 

Pre-heat furances, heat balance 
for, 254 

with recuperators, 258 
Pressure (see also Pressure 
difference) 

absolute scales for, 19, 20 
comparison of scales, 20 
conversion equations for, 21 
measurement of positive 
pressure 

inverted bell, 120 
manome ter, 120 
measurement of vacuum 
pressure 

cold-cathode gauge, 123 
hot-filament gauge, 123 
McLeod gauge, 120 
Pirani gauge, 120 
thermocouple gauge, 120 
relative scales for, 20 
saturation, 29 
units of, 3, 20 
vacuum scales tor, 21 
Pressure difference (see also 
Pressure), 21 
conversion factors for, 13 
Pressure thermometers (see 
Temperature) 

Probable error (see Errors) 
Process fuel equivalent (see 
p uel) 

Propagation of errors (see 
Errors) 

Pulp (see Slurries) 

Pulp density (see Slurries) 
Pyrometers, 106 

asperating, 104 
disappearing filament, 10- 






optical, 106 
ratio, 100 

total emission, 106, 103 
two-color, ICS 

R 

Radiation pyrometers (see 
Pyrometers) 

Rankine temperature (see 
Temperature) 

Ratio pyrometers (see 
Pyrometers)’ 

Reactant 

excess (see Excess reactant) 
limiting (see Limiting 
reactant) 

stoichiometric amount of, 

51 

Recovery, 55 
Rectifiers, 

Recuperators, 258 
Recycle 

choice of system, 172 
effect on energy balance, 

258 

effect on mass balance, 

172 

Recycle yield, 55 
Reducing agent, 58 
Reduction (see ^Oxidation) 
Reference temperature for 

heat balance, 248, 251, 254 
Refining processes, -energy 
requirements for, 346 
Reichardt diagram, 317 
Relative humidity, 28 
Relative pressure (see Pressure) 
Relative temperature (see 
Temperature) 

Residual (see Measurements) 
Resistance (see Electrical 
resistance) 

Resistivity (see Electrical 
resistivity) 

F*estrlotions, number of 

on a-mass balance, 137,157 
Riffle splitter (see Splitters) 
Roller conveyer weighers 
(see Scales) 

R-M.S, current^ (see Electric 
current) 

R.M.S* voltage (see Electric 
potential) 

Rotameters (see Flow rate, 
measurement of) 


Rotary valve meters (see 

Flow rate, measurement of) 
Rotating disk meters (see 
Flow rate, measurement of) 
Rounding of numbers, rules for, 
78 


Sample (see also Measurements 
and Sampling techniques), 70 
Sample cutting (see Sampling 
techniques) 

Sampling techniques 

for coal ash analysis, 81 
for composition of gases, 

82, 90 

for composition of liquid 
metal, 85, 86 
for granular solids, 79 
for liquids., 85 
for particulates, 90 
for rivers, 85 
for slag, 90 
for tanks, 85 
Sankev diagrams, 257 

for pellet plant, 321 
Saturation pressure, 29 
Scales 

accuracy of, 90 
types of, 93 

belt weighers, 91 
crane weighers, 95 
hopper weighers r 95 
platform weighers, 95 
roller weighers, 97 
Screening 

mass balance for, 173 
Second, the, 2 
Selectivity, 55 

Sets of equations, solution of r 
140 

determinant methods for, 14 5 
Gaussian elimination for, 147 
ill-conditioning, 151 
matrix inversion methods 
for, 148 

partitioning methods for, 140 
precedence ordering methods 
for, 140 

successive approximation, 
methods for, 276, 285 
tearing of, 152 
Siemens, the , 3 
Significant digits, 76 
Simultaneous equations (see 
Sets of equations) 


Simultaneous itass and energy 
balances (see Thermochemical 
models) 

Sinter plant, 163, 155 

energy balance for, 261 
mass balance for, 163, 165 
Slurry, 30 

analysis of (see Analysis) 
density of (see Density) 
Smelting, energy require¬ 
ments for, 348 
Solution of sets of equa¬ 
tions (see Sets of equa¬ 
tions) 

Specific energy (see Energy) 
Specific gravity (see also 
Density), 23 
Specific heat, 199 
mean, 201, 204 
molar, 199 
relationship to heat 
capacity, 199 
units of, 3 
Specific volume, 24 
of gases, 45 
units of, 3 
Specificity, 55 
Speed, 3 

conversion factors for, 

13 

Splitters (see Sampling), 81 
Stack gas, 54 
Staged heat balances (see 
Heat balances) 

Standard atmosphere (see 
Atmosphere) 

Standard deviation (see 
Measurements) 

Standard enthalpy change 
(see Enthalpy) 

Standard heat of reaction 
(see Enthalpy) 

Standard state, 195 
Standard temperature and 
pressure, 45- 
State property, 184 
Steady-state, 135 
Stef an-B o1tzman constant, 109 
Step-down transformers, 269, 
290 

Stoichiometry, 37 
Stress, 4, 12 

conversion factors for, 11 
Successive approximation 

(see Sets of equations) , 
275, 276 


Surroundings (see System) 
Svirlme ters (see Flow rate, 
measurement of) 

System, 156, 193 

boundaries for, 183 
closed, 183 
isolated, 183 
open, 183 

equation of state for, 185 
heterogeneous, 185 
properties of, 164 
state of, 134 
steady-state, 195 
s urround!ng s of, 183 
unsteady-state, 185 


Tearing (see Sets of 
equations) 

Temperature (see also 

Temperature difference) 
absolute scales for, 16 
Celsius scale for, 9, 16 
comparison of scales, 17 
co nversion e quation s for, 17 
Fahrenheit scale for, 16, 17 
international practical 
scale for, IB 
Kelvin scale for, 9, 16 
measurement devices for, 100 
asperating thermocouples, 
104 

filled-system thermo¬ 
meters, 104 

pressure thermometers, 104 
pyrometers (see Pyrometers) 
ranges of applicability, 

102 

thermocouples, 101 
types of devices, 105 
of gases, 99 
of molten metals, 104 
Hankins seals for, 16, l> 
relative scales for, 9, 16,i7 
thermodynamic scales for, 2, 
9, 16 

units of, 2, 16 
Temperature, critical (see 
Critical temperature) 
Temperature difference, 15 

conversion factors for, 13 
Theoretical air, 52 
Thermal conductivity, 3 
Thermal efficiency, 256^ 

Thermal energy, conversion to 
electrical power, 2SS 











conversion efficiency, \343 
Thermal reserve sons (see Blast 
furnace) 

Thermochemical models, 322 
for basic oxygen furnace, 

323 

number of independent 
equations, 322 

Thermocouple (see Temperature) 
Thermocouple vacuum gauges 
(see Pressure) 

Thermodynamic properties, 1B4 
differentials of, 108, 193 
Thermodynamics, first law 
of (see First law of 
the rmodynamic s) 

Tie compound, 170 
Time, 11, 14 

conversion factors for, 14 
Ton, the 

conversion factors for, 11 
Ton-mole, the, 23 
Tonne (see Ton) 

Torr, the, 19 
Total emission pyrometer 
(see Pyrometer) 

Total energy (see Energy) 
Transformers, 239, 29Q 
Turing M-condition number 
(see Matrix) 

Turing N-condition number 
{see Matrix) 

Two-color pyrometer (see 
Pyrometer) 

U 

Ultimate yield, 86 
Units, 1 

for electrical properties, 

2, 32 

for other properties, 2,3 
international system of, 9 

V 

Vacuum arc remelting furnace, 
297 

energy balance for, 293 
power factor for, 297 
Vacuum pressure (see Pressure) 
Valence, S3, 

most common values for 
elements, 40 
Vapor pressure 

enthalpy data from, 237 


Variable area meters (see 

Flow rateT measurement of) 
Variable head maters (sea 
Flow rate, measurement of) 
■Velocity, 3 

conversion factors for, 13 
Velocity meters (see Flow rate, 
measurement of) 

Venturi meters (see Flow rate, 
measurement of) 

Volt, the, 3, 33 

Voltage (see Electric potential) 
Volume, 3 

conversion factors for, 11 
Volume flow rate, 46 

conversion factors for, 14 
measurement of {see Flow 
rate, measurement of) 

Volume fraction, 46 
Volume percentage, 49 
Von Neumann P-condition number 
(see Matrix) 

Vortex meters (see Flow rate, 
measurement of) 

W 

Water, density of, 22 
Watt, the, 2, 27, 2B7 
Weight, measurement of (see 
Scales) 

Weight fraction, 24 

conversion to mole fraction, 
25 

Weight percentage, 24 
Work, 186 

conversion factors for, 11 
sign convention for, 1S8 
units of, 2 

W^ork, flow (see Flow work) 

Y 

Yard, the, 11 
Year, the, 9, 14 
Yield, 55, 173 



















